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elevated temperature conditions of 37°C are applied. Elevated temperature conditions 
are compared to the standard conditions by matching the population of the FLA22 
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isolate in standard conditions to the initial population of the FLA22 isolate in pH 3.0 
conditions at the point the experimental conditions are applied as closely as possible. 
Each value represents the mean of identical, triplicate cultures. P is the calculated 
probably that the null hypothesis (no significant difference in means) is true, with P ≤ 
0.05 indicating that significant difference in rates are present---------------------------------98 
 
Figure 33 Encystment success comparisons for the FLA22 isolate in elevated 
temperature conditions (37°C) and standard conditions, and for the Neff strain in 
standard conditions. Bars represent average values for identical, triplicate cultures. The 
highest percentages of cysts present in the total population for each isolate are 
reported. Error bars represent standard deviation. Some values may exceed 100%, as 
described in the Invalid Calculations section-------------------------------------------------------99 
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ABSTRACT 
Acanthamoeba are free-living amoebae which can differentiate from vegetative, 
trophozoite forms into dormant cysts upon encountering unfavorable conditions. 
Acanthamoeba isolates FLA9, BP, and FLA22 are known to have unusual tolerance to 
environmental conditions which would promote encystment in the type strain, Neff. To 
facilitate further research into the behavior of these isolates, the phenotypic variables of 
instantaneous growth rate (μ), mean exponential encystment rate (Ԑ), and overall 
encystment success are calculated for the study isolates a variety of environmental 
conditions. Results indicate that BP and FLA22 may prefer growth conditions that are 
intolerable to the Neff strain. Findings suggest genomic alterations may be present 
which grant increased tolerance to otherwise stressful environmental conditions after 
several generations. 
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CHAPTER 1 
LITERATURE REVIEW 
Taxonomy of the Acanthamoeba Genus 
 Generic Classification. Acanthamoeba are a genus of naked, free-living, 
bacterivorous amoebae which are known for their dual lifestyle, able to transform from 
dividing, metabolically active trophozoites into non-motile, resistant cysts. 
Acanthamoeba have become an increasingly popular system of study due to their vital 
roles within ecosystems, as opportunistic agents of human disease, and as carriers of 
bacterial pathogens (Flint et al. 2003). The name of the genus comes from the Greek 
term “acanth”, meaning “spikes”, which refers to the distinctive appearance of the spine-
like structures on the surface of the amoebae (as shown in Figure 1) (Khan 2005). 
Acanthamoeba are eukaryotic cells of the kingdom Protista, order Amoebida, and family 
Acanthamebidae (refer to Figure 2).  
 
Figure 1 Phase contrast micrograph of Acanthamoeba castellanii displaying characteristic spine-like 
protrusions on the surface of the cell. Trophozoite is 15 to 30μM in diameter. 
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Figure 2 Taxonomy from the kingdom Protista to the genus Acanthamoeba. Adapted from “The 
immunological aspects of Acanthamoeba infections,” by N. A. Khan, 2005, American Journal of 
Immunology, 1, 24-30. 
 
 The amoebae are the largest and most diverse group of organisms in the 
kingdom Protista, and have been the subject of study since the mid-1600s. 
Acanthamoeba was first discovered in 1930 by Sir Aldo Castellani as a eukaryotic cell 
culture contaminant; the amoeba was originally placed into the genus of Hartmannella, 
and designated as Hartmannella castellanii (Martinez and Visvesvara 1997). The 
taxonomy of Acanthamoeba within the order Amoebida was in a state of flux for the next 
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several decades, sometimes being recognized as its own genus, and often being 
lumped together with Hartmannella (Sawyer and Griffin 1975; Schuster and Visvesvara 
2004). 
 Interest in these free-living amoebae would increase once Culbertson et al. 1959 
showed that Acanthamoeba were opportunistic pathogens capable of producing 
disease in mammals, as shown by their ability to kill laboratory mice and monkeys in 
vivo, and to produce cytopathic effects on kidney cells in vitro. This important discovery 
was soon followed by early reports of Acanthamoeba as the infectious agent 
responsible for human cases of encephalitis and keratitis in the 1970s (Marciano-Cabral 
and Cabral 2003). The growing evidence that Acanthamoeba were capable of 
producing human infection led to further research by the scientific and medical 
communities. Subsequently, the division between Acanthamoeba and Hartmannella 
genera was further clarified and expanded when Sawyer and Griffin proposed the new 
family, Acanthamoebidae (Sawyer and Griffin 1975).  
 Sub-Genus Classification. Although the identification of Acanthamoeba at the 
generic level could be easily accomplished simply because of their unique 
morphological characteristics, classification at the sub-genus level has been much 
debated (De Jonckheere 1980; Kong 2009; Stothard et al. 1998). The most accepted 
scheme for several decades was proposed in 1977 by Pussard and Pons, which 
identified three sub-groups within the genus characterized by unique cyst morphology, 
size, and shape (refer to Table 1) (De Jonckheere 1980; Pussard and Pons 1977; 
Hewett et al. 2003). About 25 species were historically recognized within these three 
sub-groups and were generally named for their discoverer (Flint et al. 2003). However, 
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the reliability of this method was questioned when it was shown that morphology can 
change even between cells of the same isolate due to variations in the ionic strength of 
the growth media (Sawyer 1971). In addition, although Pussard and Pons’ system is still 
practical in some respects, it does not classify isolates with regards to pathogenic 
potential or other interspecific variances (Flint et al. 2003; Stothard et al. 1998). 
Table 1 The historical subgenus classification groups by Pussard and Pons, and their associated 
morphology, genotypes, and traditionally designated species.   
Adapted from “Acanthamoeba spp. as agents of disease in humans,” by F. Marciano-Cabral and G. 
Cabral, 2003, Clinical Microbiology Reviews, 16(2), 273-307; “Identification of a novel T17 genotype of 
Acanthamoeba from environmental isolates and T10 genotype causing keratitis in Thailand,” by W. 
Nuprasert, C. Putaporntip, L. Pariyakanok, and S. Jongwutiwes, 2010, Journal of Clinical Microbiology, 
48(12), 4636-4640; and “The evolutionary history of the genus Acanthamoeba and the identification of 
eight new 18S rRNA gene sequence types,” by D. R. Stothard, J. M. Schroeder-Diedrich, M. H. Awwad, 
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R. J. Gast, D. R. Ledee, S. Rodriguez-Zaragoza, C. L. Dean, P. A. Fuerst, and T. J. Byers, 1998, Journal 
of Eukaryotic Microbiology, 45(1), 45-54. 
 
 Several methods of non-morphological classification have been researched in 
attempts to clarify the taxonomy of the subgenus; isoenzyme analysis, restriction 
fragment length polymorphism of mitochondrial DNA (mtDNA), small subunit ribosomal 
DNA (18S rRNA), and other molecular techniques have all been investigated (Kong 
2009; Ledee et al. 2003; Stothard et al. 1998). However, the isoenzyme analysis and 
mtDNA methods showed variable patterns even within strains assigned to the same 
species, and were therefore not ideally suited for identification purposes (Kong 2009; 
Stothard et al. 1998). 
 The most widely accepted method of molecular classification for Acanthamoeba 
utilizes 18S rRNA sequencing, which has led to the classification of seventeen distinct 
genotypes, T1 to T17, which for the most part agreed with the previous cyst 
morphological scheme (as shown in Table 1) (Booten et al. 2004; Nuprasert et al. 2010; 
Stothard et al. 1998). Furthermore, the 18S rRNA method of classification proved to be 
far more reliable in identifying unique characters to each genotype, such as pathogenic 
potential and salinity tolerance, and has therefore come to be widely accepted by most 
researchers in the field. This genetic data has also provided a broader perspective of 
the taxonomy of the genus and strongly suggests that the amoeba may have diverged 
from other eukaryotes between the separation of yeast and the main branching off of 
plants and animals (Siddiqui and Khan 2012). 
 Each of the seventeen genotypes described by the 18S rRNA method have a five 
percent or greater sequence divergence from each other (Hewett et al. 2003; Nuprasert 
et al. 2010; Schroeder et al. 2001). It has also been proposed that isolates with less 
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than one percent divergence should be considered members of the same species 
(Stothard et al. 1998; Lui et al. 2006). This classification technique has proved quite 
useful for the rapid identification of unknown Acanthamoeba isolates; correspondingly, 
one of the benefits of 18S RNA genotyping is the inference to that strains pathogenic 
potential (Booten et al. 2002; Kong and Chung 2002). The T4 genotype in particular is 
responsible for more than 90% of amoebic keratitis infections, and is the predominant 
genotype in cutaneous lesions and amoebic granulomatous encephalitis; however, 
many other genotypes have been identified in human diseases as well (Booten et al. 
2004; Khan 2006; Maghsood et al. 2005; Walochink et al. 2000). Further information on 
the specific factors which may boost the resilience or transmissibility of certain 
genotypes is provided in the Pathogenic Acanthamoeba section of this introduction. 
Acanthamoeba as a Model System 
  Some of the earliest observed cells have been the relatively large, free-living 
amoebas. As stated previously, Sir Aldo Castellani discovered Acanthamoeba in 1930 
as a contaminant within a culture of Cryptococcus pararoseus (Martinez and Visvesvara 
1997). Since that time Acanthamoeba have been the subject of scientific interest due to 
their ease of cultivation and observation, complex role in ecosystems, ability to produce 
serious human infections, and for their ability to harbor microbial pathogens (Fritsche et 
al. 1993). In this section, the past and current use of Acanthamoeba as a model 
organism for research is briefly reviewed. 
 Historically, the Acanthamoeba genus has enjoyed a certain amount of popularity 
in physiological and biochemical studies. Unlike other free-living amoebas, 
Acanthamoeba proved to be comparably easy to achieve morphological preservation in 
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electron microscope imaging (Bowers and Korn 1968). It was therefore an attractive 
model for studies of structural organization and organelle function within its phylum. In a 
like manner, they have been preferred organisms for cellular biology studies due to their 
rapid growth rate, large size, and minimal nutritional requirements (Koehsler et al. 
2009). Acanthamoeba have also served as a model system for cellular motility studies 
and cytoskeleton research due to their similarity in those regards with human 
macrophages (Salah et al. 2009; Siddiqui and Khan 2012). A more in depth description 
of the cytoskeletal structure of Acanthamoeba is provided in the Vegetative Trophozoite 
and Resilient Cyst sections of Chapter 1. 
 Along with numerous other uses, Acanthamoeba have been a subject of choice 
for autophagy research. Autophagy is a catabolic process by which cells are able to 
recycle unnecessary cellular components, such as organelles and macromolecular 
particles, in order to grow, survive during starvation, or simply for use in cellular 
differentiation events (Moon et al. 2011; Moon et al. 2013). Autophagy is an essential 
component of the amoebas’ complex encystment process, which enables the cell to 
undergo drastic morphological changes to transform from a trophozoite to a non-motile 
cyst. Specific details regarding the encystment process are available in the Encystment 
section of Chapter 1. The key components involved in the autophagy process of 
Acanthamoeba have been shown to be conserved within the genera Entamoeba and 
Dictyostelium as well (Moon et al. 2013). 
 Another fascinating aspect of the genus Acanthamoeba is its ability to harbor 
other microbes within their cells, such as bacteria and viruses (Clarke et al. 2013; 
Fritsche et al. 1993). Bui et al. 2012 even suggest that it may be a vector in cases of 
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Campylobacter jejuni human infections. The amoebas have also been implicated as 
carriers of the pathogenic organism Legionella pnuemophila (Dietersdorfer et al. 2016). 
Of interest to the scientific community is that pathogens which can utilize the amoeba as 
a host often employ similar methods to infect and survive within human macrophages 
(Salah et al. 2009).  
 Although Acanthamoeba is a valued model system in most respects, studies of 
encystment and pathogenicity are complicated by the proclivity of the genus to down-
regulate the capacity for those traits when kept under laboratory conditions; the loss of 
encystment ability has been shown to decrease as quickly as six months in continuous 
axenic culture (Cordingley and Trzyna 2008; Koehsler et al. 2009). However, studies 
have shown that virulence traits may be preserved by periodically sub-culturing the cells 
onto human cell monolayers; the fact that these changes are reversible strongly 
suggests that epigenetic modifications to lose virulence traits occur in favor of faster 
growth rate machinery (Koehsler et al. 2009).  
 Acanthamoeba castellanii is the strain which was first described and has served 
as the type strain of the genus in many studies. Recently the DNA of A. castellanii has 
been sequenced as part of the genome project and is readily available at the NCBI 
GenBank website (accession number AHJI00000000.1). This has led to an abundance 
of new possibilities for researchers. For instance, Clarke et al. 2013 have presented a 
paper in which they analyze the whole genome in attempt to identify genes arising from 
lateral gene transfer. Lateral gene transfer is the process by which organisms adopt 
DNA from outside sources and incorporate the information into their own genome. It has 
been shown that phagotrophs have high rates of lateral gene transfer compared to non-
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phagotrophs, which has made Acanthamoeba a potential system for its study. The 
findings of Clarke et al. 2013 indicate that as much as 2.9% of the Acanthamoeba 
genome may be the result of lateral gene transfer. They have also identified genes 
which have been studied in other systems that may prove interesting for future studies 
into the Acanthamoeba genus. 
Environmental Significance 
 Acanthamoeba are described as ubiquitous due to their far-reaching presence in 
the environment. They have been isolated from such disparate habitats as sea water, 
fresh water, tap water, bottled water, swimming pools, hot springs, soil, vegetables, 
beaches, and even Antarctica (Gonzalez-Robles et al. 2014). They have also been 
recovered from contact lenses and their cases, ventilation ducts, eye wash stations, 
dialysis units, surgical instruments, human nasal cavities, pharyngeal swabs, lung 
tissues, skin lesions, human feces and urine of ill patients, cerebrospinal fluid, and brain 
necropsies (Siddiqui and Khan 2012). Given the pervasiveness of the organism, it 
comes as no surprise that virtually 100% of people produce anti-Acanthamoeba 
antibodies (Cursons et al. 1980). 
 Because of their prevalence and population, Acanthamoeba are among the chief 
consumers of soil dwelling bacteria and play an essential role in maintaining the 
composition of bacterial populations through their selective feeding (Rosenberg et al. 
2009). In this manner, Acanthamoeba not only have a direct influence on the 
microbiome of soil, but also serve to enhance nutrient recycling. Bacteria are the 
primary decomposers of organic material, but do not effectively release minerals back 
into the soil. Acanthamoeba and other free-living amoeba serve as secondary 
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decomposers and release mineral nutrients as waste; therefore, soil containing both 
bacteria and free-living amoebas show greater mineralization of carbon, nitrogen, and 
phosphorus (Sinclair et al. 1981). It is therefore apparent that the study of 
Acanthamoeba has great ecological import. 
 There have been numerous papers which have evaluated soil deposits, beach 
sands, ocean sediments, and more for the presence of Acanthameoba isolates. Lui et 
al. 2006 gathered samples of ocean sediments and recovered eighteen Acanthamoeba 
isolates; based on 18S rRNA sequencing, fifteen of the eighteen discovered were found 
to be the T4 isolate Acanthamoeba castellanii. Maghsood et al. 2005 also tested for the 
presence of Acanthamoeba in the Iran water supply; of the twelve acquired isolates, 
seven belonged to the T2 genotype and four to the T4, with one remaining isolate of 
undetermined genotype. 
 Several studies report that nearly all human infections with Acanthamoeba are of 
the T4 genotype (Booten et al. 2002; Dudley et al. 2005; Ledee et al. 2003). Although 
the T4 genotype is a common environmental isolate, it is not so much more prevalent 
than other genotypes as to suggest that its role in human infection is from mere 
frequency of contact alone (Maghsood et al. 2005). It is speculated that the virulence of 
genotype T4 may be due to properties which boost their transmission and make them 
more resilient to therapeutic agents (Ledee et al. 2003; Maghsood et al. 2005). 
Virulence factors associated with the various genotypes are discussed in more detail 
within the Pathogenic Acanthamoeba section of this introduction. 
Vegetative Trophozoites 
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 Acanthamoeba are well known for their dual life-style, with cells existing in two 
very different potential life stages. The actively growing and feeding form of the cell is 
referred to as a trophozoite. Stressful conditions trigger trophozoites to undergo 
encystment, which may also be called “phenotypic switching” or a “cellular 
differentiation event”, to become cysts. The cysts are formed to preserve the cells 
during otherwise inhospitable conditions, and are a key component of the organism’s 
survival and ubiquity in many environments. The description of the cyst form of the cells 
and the mechanism of encystment are both reviewed in detail within their respective 
sections of this introduction. However, this section briefly summarizes the trophozoites.  
 Trophozoite Structure and Organelles. The term trophozoite originates from 
the Greek word “tropho”, meaning literally “to nourish” (Siddiqui and Khan 2012). The 
Acanthamoeba trophozoite is generally between 12-35 µm in diameter in size. The 
morphology of the trophozoite forms can be quite varied; consider that they are free-
living amoebas. However, distinctive to the trophozoites are the spine-like structures 
that cover their entire surface which have been dubbed acanthapodia (as shown in 
Figure 3). Acanthapodia are used by the cell in adhesion to surfaces, capturing prey, 
and are also essential to the cells locomotion (Khan 2005). 
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Figure 3 Scanning electron micrograph of an Acanthamoeba trophozoite, showing the spine-like 
acanthopodia on the cells surface.  Magnification is X 5,000, scale bar represents 5 µm. From 
“Acanthamoeba castellanii as a rapid screening assay for Pseudomonas aeruginosa pathogenicity,” by D. 
Moore, 2016, Master’s Thesis, Marshall University (currently unpublished). 
 
 Unlike some other unicellular organisms, Acanthamoeba trophozoites have no 
outer wall, and the surface of the cells is the unadorned plasma membrane; hence why 
it is often referred to as a ‘naked’ amoeba. The plasma membrane of trophozoite cells is 
composed of various proteins, phospholipids, sterols, and a large amount of the sugar 
lipophosphonoglycan (29%), which is exposed on both the extracellular and intracellular 
surface (Bowers and Korn 1974; Korn et al. 1974). Although the cytoplasm contains 
many vacuoles, organelles, and other particles, the microprojections from the cell 
surface, including the spine-like acanthapodia and larger pseudopod structures, are 
filled with only hyaline cytoplasm and exclude these structures (Bowers and Korn 1968; 
Gonzalez-Robles et al. 2014). 
 As the active life stage of Acanthamoeba, the cytoplasm of trophozoites always 
contains ample mitochondria to supply the energy needed for the feeding and growing 
cells (Martinez and Visvesvara 1997). There are also a variety of organelles and cellular 
processes devoted to metabolism and protein synthesis. There is abundant 
endoplasmic reticulum, bound with ribosomes, located on the cytoplasmic surface 
13 
 
(Gonzalez-Robles et al. 2014). Additional cytoplasmic contents include significant 
amounts of fibrils, lipid droplets and free glycogen (refer to Figure 4) (Bowers and Korn 
1968). 
 
Figure 4 Phase contrast micrograph of an Acanthamoeba castellanii trophozoite. Easily visible within the 
interior of the cell are the cortex (C), numerous digestive vacuoles (DV), a water-expulsion vesicle (WEV), 
Golgi complex (G), lipid droplet (L), and several nuclei with nucleoli (N). Trophozoite is 15 to 30μM in 
diameter. 
 
 Other conspicuous vacuoles within the cytoplasm include storage vesicles of 
glycogen, numerous digestive vacuoles which contain lysosomes and digestive 
enzymes, and the water expulsion vesicle, which is involved in osmotic regulation 
(Bowers and Korn 1968; Bowers and Korn 1973; Gonzalez-Robles et al. 2014). The 
water expulsion vesicle is surrounded by a canicular collection system called a 
spongiome; the vesicle discharges periodically and fragments into several smaller 
vesicles, which subsequently refill and coalesce to once again form the large, distinctive 
water expulsion vesicle (refer to Figure 4) (Bowers and Korn 1968; Bowers and Korn 
1973). The digestive vacuoles may range in size from 0.1 µm to larger than the cells’ 
nucleus and are numerous within the cytoplasm, even when the amoeba is grown in 
soluble nutrient mix (Bowers and Korn 1968). 
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 Acanthamoeba trophozoites generally possess only one nucleus but may contain 
another if the cell is close to completing binary fission. Multinucleate cells are also 
common in cultures with constant agitation (Marciano-Cabral and Cabral 2003). The 
nucleus is roughly one-sixth the size of the cell and either contains either a single, large 
nucleolus or two nucleoli (Bowers and Korn 1968). It has been proposed the 
Acanthamoeba nuclear DNA is organized into a high number of haploid chromosomes 
(Byers et al. 1990). Of the total DNA within Acanthamoeba trophozoites, nuclear DNA 
comprises 80-85%, with the remaining 15-20% shared between the mitochondria and 
non-mitochondrial cytoplasmic DNA; cytoplasmic DNA has been reported by several 
authors but its source is not entirely determined (Byers et al. 1990; Khan 2006). 
 The cytoskeleton of Acanthamoeba is responsible for the complex movement of 
the trophozoite cells, the intracellular transport of materials, and aids in binary fission 
(Gonzalez-Robles et al. 2014). The cytoskeleton is composed primarily of the 
monomeric subunit actin, which comprises 20% of the protein content of cells, along 
with myosin and over 20 other proteins (Khan 2006). Microtubules are present 
throughout the cytoplasm and are generally straight or radiating from the Golgi complex 
(Bowers and Korn 1968).  
 The locomotive motion used by Acanthamoeba is remarkably like that used by 
human macrophages and neutrophils, and might perhaps account for how they can 
cross the blood brain barrier in cases of amoebic granulomatous encephalitis (Lorenzo-
Morales et al. 2015). Acanthamoeba are rather sluggish as far as amoebas go, capable 
of moving approximately 0.8 µm/sec (Siddiqui and Khan 2012). The cellular movement 
is based upon the temporary extension of a cytoplasmic ‘foot’, called a pseudopodium 
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(clearly visible in Figure 1). The pseudopodium is created by the organized movement 
of the actin microfilaments which underlie the plasma membrane (Lorenzo-Morales et 
al. 2015; Gonzalez-Robles et al. 2014). 
 Pinocytosis and Phagocytosis. Acanthamoeba trophozoites have a diverse 
diet consisting of bacteria, algae, and even other protists, such as yeast. Although the 
trophozoites can eat a wide-ranging diet, their preferred nutrition source is gram 
negative bacteria, and many labs utilize cultures of Escherichia coli or Enterobacter 
aerogenes in their cultivation of the amoebae (Schuster 2002). Trophozoites are also 
capable of gaining nutrition through ingestion of small organic particles. Acanthamoeba 
feed by two distinct processes: pinocytosis and phagocytosis.  
 Pinocytosis is a non-specific process and occurs by invagination of the cells 
membrane to engulf large amounts of non-specific liquids and food particles into a new 
vesicle formed from the pinched plasma membrane (Bowers and Olszewski 1972). 
Numerous food vacuoles may be observed in the cytoplasm of trophozoites at any 
given time (Gonzalez-Robles et al. 2014). Once the vacuole is formed, the amoeba can 
somehow examine the contents and determine if they are digestible (Bowers and 
Olszewski 1983). Previous studies have shown that food vacuoles of edible materials 
are retained within the cytoplasm and digested; however, when food vacuoles of 
inedible materials are present, they are retained until new particles are available, with 
the inedible materials subsequently exocytosed (Bowers and Olszewski 1983). 
 The second means by which Acanthamoeba feed is phagocytosis, which is a 
receptor-dependent process involving intracellular-signaling and cytoskeletal 
rearrangement (Bowers 1980; Gonzalez-Robles et al. 2014). Briefly, the cytoskeleton 
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shifts the plasma membrane to form several pseudopods which surround and then 
engulf the desired food source into a phagosome; this phagosome later merges with 
digestive lysosomes to ‘consume’ the ingested material. Whether the material ingested 
by phagocytosis is subsequently digested or merely reserved within the cell is also a 
complex and not fully understood process (Bui et al. 2012). A fraction of the microbes 
upon which Acanthamoeba feed regularly have evolved methods by which to survive 
within the cells and may even use Acanthamoeba as a host for replication and as a 
potential vector for dispersal (Clarke et al. 2013). 
 Reproduction. Acanthamoeba trophozoites are asexual and reproduce using 
binary fission, whereby the parent cell undergoes mitotic cell division to yield two 
daughter cells. The generation time varies between different genotypes, and even 
between isolates of the same genotype, but is typically within the range of 8 to 24 hours 
(Band and Mohrlok 1973; Khan 2006). Cells in logarithmic growth under ideal conditions 
will spend only a negligible amount of time in the G1 stage of interphase, which is the 
period of rapid cell growth and includes the G1 checkpoint before DNA replication. The 
cell will then take about 2-3% of its lifetime to complete the S stage, during which it will 
replicate its DNA. The cell will then proceed to use the vast majority of its lifetime (about 
92%) in the G2 phase of mitosis, during which the cell continues to grow in preparation 
of division and completes the G2 checkpoint to ensure that the cell is ready to divide. 
During exponential growth, the cell will only take 2-3% of its lifetime to divide in the M 
stage of mitosis (Band and Mohrlock 1973; Khan 2006). 
Resilient Cysts 
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 The second potential life stage of Acanthamoeba is the resting cyst; cysts are the 
non-motile shelter from inhospitable environmental conditions such as desiccation, 
starvation, and extreme temperature or pH. Cysts are unlike trophozoites in size, 
structure, and function (refer to Figure 5), and are essential to the amoeba’s survivability 
in diverse habitats. 
 
Figure 5 Scanning electron micrograph of an Acanthamoeba cyst showing the wrinkled surface of the 
ectocyst. From “Acanthamoeba castellanii as a rapid screening assay for Pseudomonas aeruginosa 
pathogenicity,” by D. Moore, 2016, Master’s Thesis, Marshall University (currently unpublished). 
 
 Cyst Structure and Organelles. Different isolates of Acanthamoeba vary in cyst 
appearance and size, but generally range from 13-20 µm in diameter (Bowers and Korn 
1969; Khunkitti et al. 1998). The Acanthamoeba cyst is enclosed by a complex double-
wall structure with several components, including primarily acid-insoluble proteins and 
cellulose. The exact composition of the two walls can differ slightly in makeup between 
isolates belonging to various genotypes (Khan 2006). The external layer of the double-
wall is dubbed the ectocyst and the inner layer the endocyst (as shown in Figure 6). 
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Figure 6 Diagram of an Acanthamoeba cyst interior. Structures within the cyst include the ectocyst, 
endocyst, numerous mitochondria, nucleus with nucleoli, operculum, and ostiole. 
 
 The original classification at the subgenus was divided into three groups based 
on the morphologic characteristics of the cyst appearance (refer to Table 1). Group I 
include the comparably larger cysts which possess smooth, spherical ectocysts and 
stellate endocysts structures; group II consists of the smaller cysts which have wrinkled 
ectocysts and stellate or polygonal endocysts; group III are small cysts, which have 
slightly wrinkled ectocysts and rounded, or angular endocysts (Kong 2009). Although 
most authors now favor the 18S rRNA genotype method of classification, the described 
morphological grouping was widely used in the literature for many years. Most 
genotypic classifications overlap with the original morphological grouping scheme; 
however, it has been shown that cyst morphology can be variable even among the 
same strain and is subject to change with varying culture conditions (Marciano-Cabral 
and Cabral 2003; Sawyer 1971). 
 There is a small space separating the ectocyst from the endocyst, except at 
specific points where they meet to form a pore called an ostiole (refer to Figure 6) 
(Bowers and Korn 1969). Ostioles allow the cell to monitor their environment for the 
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return of favorable conditions. There may be one to several ostioles present on any 
given cyst. The ostiole is covered by a structure called an opercula (Bowers and Korn 
1969). It has been suggested that excystment of the trophozoite occurs by exiting the 
cyst double-wall through the ostiole once the opercula has been digested (Fouque et al. 
2012). 
 The molecular structure of the double-wall has been of particular interest, due to 
its resilience to harsh conditions. The ectocyst is comprised mostly of acid-resistant 
proteins and contains the cyst-specific protein 21 (discussed in more detail in the 
Encystment section) (Lorenzo-Morales et al. 2008). As broken down by dry weight, the 
structure of the ectocyst is composed of 35% carbohydates including cellulose, 33% 
protein, 20% unidentified materials, 8% ash and 4-6% lipids (Khan 2006). The endocyst 
is comprised mainly of polysaccharides, most of which is cellulose, and strongly 
resembles the fibrillar structure used in plant cell walls (Lemgruber et al. 2010). 
 Protective Properties. The enduring cyst has been reported to lie dormant for 
more than two decades, and still retain its viability upon excystment (Dudley et al. 
2005). In addition to protection from starvation, desiccation, osmotic pressures, extreme 
temperatures or pH, the resilient cyst structure also provides Acanthamoeba with 
resistance to many chemotherapeutic agents; many common antiamoebic drugs, such 
as propamidine and benzalkonium chloride, have no negative consequence upon the 
resilient cysts (Dudley et al. 2005; Leitsch et al. 2010; Lemgruber et al. 2010). Because 
cysts are able to preserve the cells pathogenicity during drug treatments, encystment is 
considered a virulence factor which aids the re-infection of Acanthamoeba disease. 
Likewise, the cyst structure also grants the cell protection from the human immune 
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response (Lee et al. 2013). By their very nature, the cysts play a vital role in the survival 
and re-infection of these amoebae, and also carry the potential hazard of harboring 
harmful intracellular bacteria (Fouque et al. 2012). Therefore, research into the nature of 
encystment could have human health consequences. 
Encystment 
 Acanthamoeba live and divide as trophozoites provided that the environment 
maintains their strain specific tolerance ranges and so long as adequate food supply is 
present. If these conditions are not met, Acanthamoeba begin the process of 
encystment to transform from vegetative trophozoites into dormant cysts. The physical 
changes the cell undergoes during encystment are quite dramatic, and completely 
change the appearance, size, and metabolism of the cell (refer to Figure 7). 
 
Figure 7 Phase contrast micrographs of Acanthamoeba castellanii trophozoites (A) and cysts (B). Should 
the trophozoite encounter unfavorable conditions it can differentiate into a resilient cyst and become 
dormant. Upon the return of advantageous conditions, the process is reversed. Trophozoites and cysts 
are approximately 13 to 30μM in diameter. 
 
 To briefly summarize the process, first the trophozoites lose their distinct 
acanthapodia and round in shape. They form the first cell wall which becomes the 
ectocyst and is composed mostly of polysaccharides and acid-insoluble proteins 
(Leitsch et al. 2010; Lembgruber et al. 2010). The second, inner cell wall, or endocyst, 
is formed after the ectocyst and is comprised mainly of cellulose in a structure similar to 
plant cell walls (Lemgruber et al. 2010). Simultaneous to the formation of the two cell 
21 
 
walls is a dramatic decrease in the cells overall mass. Key to this reduction are the 
autolysosomes, which increase in number shortly after induction and remain in the 
cytoplasm throughout encystment (Bowers and Korn 1969; Moon et al. 2011). The cell 
also expels all excess materials such as water, food, and other macromolecular 
particulates as it rounds and condenses into an immature precyst. As the precyst 
develops into a mature cyst, the amount of protein, triglycerides, glycogen and RNA 
decline, lessening the total cellular volume even further (Bowers and Korn 1969; 
Khunkitti et al. 1998). 
 Encystment of Acanthamoeba is a cellular differentiation event, which for the 
purposes of this study is detailed in three stages. First, the cell must encounter a trigger 
which induces encystment. During the second stage the cell begins to degrade its own 
proteins and structures in a controlled autophagy (Moon et al. 2013). Throughout the 
second stage the progress may still be reversed. The third stage is marked by the 
expression of cyst specific genes. Although the second and third stages overlap slightly, 
it is during the third stage of encystment that the cell becomes wholly committed and 
completes the formation of the ectocyst and endocyst. At the end of the third stage the 
cell has become a fully formed cyst and lies dormant. The amount of time it takes 
Acanthamoeba to encyst does vary depending on the type of trigger received and 
between different strains of the genus, but it is generally accepted to occur within 24-72 
hours (Chagla and Griffiths 1974).  
 First Stage. Stressors which act as triggers to induce the first stage of 
encystment include various conditions such as hyper or hypo-osmolarity, desiccation, 
overly acidic or alkaline pH, extremes in temperature, presence of bacterial toxins, or 
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starvation (Cordingley et al. 1996; Cordingley and Trzyna 2008; Khunkitti et al. 1998; 
Moon et al. 2008). Osmotic stress to the cells occurs when various components such as 
salts and glucose are either too rare or too prevalent. Starvation is a strong stress signal 
for encystment in Acanthamoeba, as well as other free-living amoebas such as 
Entamoeba (Chagla and Griffiths 1974, Cordingley and Trzyna 2008; Bidle and Bender 
2008). Tolerance of a wide range of temperatures is to be expected in a free-living cell; 
however, the extent to which each strain can acclimate varies widely (Booten et al. 
2004). 
 Additional triggers of encystment have also been researched. Certain bacterial 
species can produce toxins which cause the rapid encystment of Acanthameoba, 
including Francisella tularensis and Pseudomonas aeruginosa (El-Etr et al. 2009; Lee et 
al. 2012). Acanthamoeba overgrowth can also stimulate encystment, by means of cells 
secreting an encystment-enhancing activity factor (Akins and Byers 1980). The 
existence of the encystment-enhancing activity factor lends some credence to the 
possibility that there may be some quorum sensing behavior which aids in the 
encystment process (Fouque et al. 2012). 
 Not all isolates of the genus respond to the same triggers, and even isolates 
which have been grown in culture for a prolonged amount of time may be resilient to 
encystment triggers they were susceptible to previously (Cordingley and Trzyna 2008; 
Koehsler et al. 2009). The variation in response to stress across isolates of the genus 
may be due to environmental acclimation, inherent flexibility in their genome to adapt, or 
both. This phenotypic flexibility can present issues to researchers, especially with 
Acanthamoeba’s growing popularity as a model system. 
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 The sensory mechanisms which translate these various triggers into cellular 
signaling pathways are essential to discerning how encystment occurs; however, they 
are not yet fully understood. It is a distinct possibility that different triggers may stimulate 
multiple pathways and that those pathways may even be genotype specific (Fouque et 
al. 2012). However, induction of encystment has been shown to be mediated in part by 
the production cyclic AMP (cAMP), which in turn likely activates adenylate cyclase or 
inhibiting phosphodiesterase in a signaling pathway. Thus, other encystment triggers 
have been identified, including magnesium, taurine, epinephrine, and norepinephrine, 
all of which may also trigger encystment due to their activation of cAMP synthesis 
(Fouque et al. 2012). 
 Previous research by Cordingley and Trzyna 2008 suggests that there exists a 
checkpoint whereby the cells either ‘choose’ to encyst or to replicate. In support of this 
idea, the data suggests that there are two ways by which Acanthamoeba cells can 
receive a trigger to induce encystment. The first method relies on a gradual increase in 
stress to the cell which allows the cell to continue in its replication cycle until reaching a 
specific point, likely during the G2 phase of mitosis, where the cell then begins to encyst 
(Byers et al. 1991; Cordingley and Trzyna 2008). The second method of encystment 
involves a rapid trigger, or sudden environmental change, in which the cell cycle 
abruptly halts in its mitosis and attempts to undergo encystment immediately; only those 
cells that happened to be in the correct phase of mitosis are able to complete the 
encystment process successfully and become fully mature cysts (Cordingley and Trzyna 
2008). 
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 Second Stage. It is during the second stage of encystment that the trophozoite 
loses its distinctive acanthopodia and rounds into an immature pre-cyst. This 
rearrangement of the cytoskeleton is certainly one of the most dramatic physical 
changes that occur during the encystment process. Research indicates that this shift in 
morphology is due at least in part to the directed degradation of the subunit actin within 
the cytoskeleton structure (Bouyer et al. 2009; Fouque et al. 2012). Furthermore, 
previous studies have also shown that transcription of actin mRNA is slightly repressed 
during the beginning of encystment, and translation of actin protein is highly reduced 
throughout the entire encystment process (Bouyer et al. 2009; Fouque et al. 2012). 
 Most of the major changes in the protein content of the cells take place during 
the second stage of encystment as well, and are largely due to autophagy of cellular 
components (Lemgruber et al. 2010). Autophagy is a process of ‘self-eating’, which is 
the method by which cellular components present in the trophozoite are either 
eliminated or recycled to new purpose in the cell. Formation of the autophagosome has 
been studied by Moon et al. 2011, and their findings show several ubiquitin-like 
conjugation systems are essential to the process, including: autophagy-related protein 
(Atg) 16, Atg8, and Atg3. The mRNA of Atg8 is highly expressed during the first day of 
encystment induction, which may be due to the formation of the autophagosomal 
membrane (Moon et al. 2013). Atg8 lipidation is mediated by Atg3 in encysting 
Acanthamoeba, and is localized to the autophagosome (Moon et al. 2011). Blocking any 
of these autophagy-related proteins with interfering iRNA hampers the encystment 
mechanism and reduces the development of fully matured cysts (Moon et al. 2013). 
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 The autophagy of cellular components, including the cytoskeleton, also relies on 
the action of several key proteases. Proteases are enzymes which aid in protein 
catabolism and digestion; it is interesting to note that most of the proteases involved in 
encystment are already present in the trophozoite, but may have modified or re-directed 
functions (Leitsch et al. 2010). Cysteine proteases aid in autophagy by localizing to 
lysosomes and degrading superfluous organelles and organic matter during 
encystment, subsequently reducing the mass of the cell and freeing this cellular material 
for cyst specific macromolecular synthesis (Lee et al. 2013). Previous studies by Lee et 
al. 2013 have shown that when cysteine proteases were inhibited artificially, the 
encystment process was consequently slowed. Lee et al. 2013 have also identified 
AcStefin, a natent cysteine protease inhibitor, as being highly upregulated during 
encystment; AcStefin localizes around lysosomes as well and is thought to help regulate 
and direct the activity of the cysteine proteases. Cells with AcStefin knockdown 
achieved fewer viable cysts and were far less likely to excyst successfully (Lee et al. 
2013). 
 Serine proteases have likewise been shown to increase in transcription and 
translation during the induction of encystment. Furthermore, when interfering siRNA is 
targeted to serine proteases it effectively reduces the encystment of cells (Lee et al. 
2013; Lemgruber et al. 2010). It is of interest to note that recent research by Leitsch et 
al. 2010 has shown that the early phase of encystment can be completely inhibited by 
the serine protease inhibitor phenylmethylsulfonyl fluoride. 
 Third Stage. Despite all of the profound changes within cell during the second 
stage of encystment, the process may still be reversed until roughly 12 to 15 hours post-
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induction. After this time, however, the second stage of autolysis and degradation of 
cellular components gives way to the third stage of restoration and expression of 
encystment specific genes. Once encystment has progressed to the third stage the cell 
can no longer halt or reverse the mechanism to become a cyst (Leitsch et al. 2010). 
 Macromolecular synthesis is essential for both encystment and excystment, and 
both processes have been shown to be blocked by protein synthesis inhibitors such as 
cycloheximide (Khan 2006). It is certainly apparent that cysts differ greatly in their 
cellular structure and contents from trophozoites, and therefore the construction of 
unique proteins and macromolecules is an essential part of encystment. For instance, 
the cyst specific protein (CSP) 21 is not present at detectable levels during the 
trophozoite life stage (Chen et al. 2004). CSP21 has been identified by mRNA 
quantification as being constructed ~12 hours after induction, and immunodetection 
methods reveal that the hydrophilic protein is associated with the structure of cyst walls 
(Chen et al. 2004; Leitsch et al. 2010).  
 One enzyme which is archetypal of the cellular degradation, recycling, and 
synthesis process of encystment is glycogen phosphorlyase. Trophozoites store excess 
glucose in their cytoplasm as glycogen. During encystment, glycogen phosphorylase 
breakdowns those glycogen stores to produce glucose-1-phosphate, which is an 
essential component needed to produce cellulose within the endocyst (Lorenzo-Morales 
et al. 2008). The correct formation of the endocyst is so essential that when glycogen 
phosphorylase is knocked out with iRNA, encystment becomes vastly compromised and 
the number of viable cysts are dramatically reduced (Lorenzo-Morales et al. 2008). The 
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cyst double-wall is a complex structure and when assembled correctly can preserve the 
viability of the cell for decades (Dudley et al. 2005).  
Excystment 
 The cyst monitors the external environment through pores in the double-wall 
called ostioles (as shown in Figure 6). If the cyst senses the return of favorable 
conditions, the process of excystment may then be initiated. Briefly, the outer-covering 
of the ostiole, the opercula, is digested and the new trophozoite squeezes though that 
pore to excyst (Khunkitti et al. 1998). The trophozoites then continues to grow and 
divide, thus preserving itself and completing the dual-lifecycle. Unfortunately, the details 
of excystment aren’t nearly as well understood as are those of encystment. The specific 
sensory mechanisms by which cysts can detect the return of favorable conditions and 
the metabolic process by which they act upon those changes remain mysteries for 
future research. 
Pathogenic Acanthamoeba 
 Acanthamoeba are known as opportunistic pathogens because they do not 
normally cause disease in healthy individuals. However, Acanthamoeba isolates are 
sometimes able to capitalize upon injuries in healthy hosts or infect the 
immunocompromised to invade and persist within tissues. Once present, the amoeba 
can cause a several human diseases including: amoebic granulomatous encephalitis, 
amoebic keratitis, and cutaneous lesions (as shown in Figure 8) (Martinez 1991). 
Although these infections are quite rare, they are often misdiagnosed and especially 
difficult to treat due to the highly resistant cysts which may cause reinfections. 
Additionally, Acanthamoeba can harbor potential pathogens as endosymbiotes (Fritsche 
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et al. 1993). Therefore, the virulence factors associated with Acanthamoeba have been 
the subject of intense scrutiny within the medical community. 
 
Figure 8 General summary of the pathogenic lifecycle of Acanthamoeba spp. (1) Acanthamoeba are 
ubiquitously present in the environment in two possible life stages: (2) dormant cysts and active 
trophozoites. (3) Trophozoites feed preferably on gram negative bacteria and replicate by binary fission. 
(4) Both trophozoites and cysts may enter human tissues. (A) Amoebic keratitis may result from infection 
of corneal tissues, especially in contact lens users. Other human infections involving Acanthamoeba 
occur primarily in the immunocompromised. (B) Opportunistic skin infections of ulcerated or broken skin 
may occur. (C) Acanthamoeba may also gain access to tissues by utilizing the nasopharyngeal airway; 
(D) dissemination through the central nervous system may cause the rare brain infection granulomatous 
amebic encephalitis (GAE); (E) Acanthamoeba may also rarely infect the lower respiratory tract. 
 
 Amoebic Keratitis. Amoebic keratitis occurs when Acanthamoeba trophozoites 
invade the tissue of the cornea, typically through a small scratch or other injury (Lund et 
al. 1978). The initial symptoms of the disease are over-production of tears, photophobia, 
redness and irritation of the cornea, followed by stromal infiltration and opacity (Martinez 
and Visvesvara 1997; Siddiqui and Khan 2012). Additional symptoms include radial 
neuritis and stromal abscesses which may threaten the patients vision permanently 
(Lund et al. 1978). The disease is often misdiagnosed as adenovirus or herpes 
infection; reliable diagnosis depends upon the finding of the amoebas through 
microscopic identification, corneal biopsy, or other specific culture techniques (Khan 
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2005; Martinez and Visvesvara 1997). More recently, PCR identification of the 18S 
rRNA gene may be used to quickly identify unknown clinical isolates (Booten et al. 
2002; Kong and Chung 2002). 
 Incidents of Acanthamoeba keratitis disease have become more frequent, which 
is widely believed to correspond to the increased popularity of contact lenses; improper 
use of contact lenses is the primary risk factor in amoebic keratitis disease (Booten et 
al. 2002; Yang et al. 1997). Misuse includes wear for extended periods beyond 
manufacturer recommendations, and cleaning lenses with unpurified tap water. The rate 
of infection between non-contact lens users and users of contact lenses shows that 
contact wearers are 80:1 more likely to develop amoebic keratitis (Khan 2006; 
Marciano-Cabral and Cabral 2003). However, even with the increased risk, the rate of 
infection in contact lens users has previously been estimated at only 20.9 per 10,000 
per year in the United States (Poggio et al. 1989). Even these low figures can be a 
source of concern, however, when there are more than 70 million estimated users of 
contact lenses (Khan 2006).  
 Additionally, even with proper contact lens use and care it has been reported that 
Acanthamoeba have much higher binding to used contacts than to fresh contacts; used 
contacts contain a film of glycoproteins, polysaccharides, and other organic 
macromolecules which allow Acanthamoeba trophozoites to bind to their surface 
(Beattie et al. 2003). The ability of Acanthamoeba to infect the cornea from the surface 
of a contact lens depends upon the virulence of that particular isolate and the health of 
the cornea. 
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 Acanthameoba infections are particularly difficult to treat due to the often late 
diagnosis of the disorder and the lack of specific, effective therapeutic drugs to combat 
the disease (Lorenzo-Morales et al. 2008). Very aggressive measures are necessary in 
order eliminate both trophozoites and the resilient cysts; although cysts can propagate 
the disease once an individual has been infected, studies have shown that 
Acanthamoeba cysts are not able to bind to human corneal epithelial cells and, 
therefore, are technically considered to be non-infectious (Dudley et al. 2005). 
 Initial treatment involves topical application of anti-protozoal drugs hourly for 2-3 
days, followed by a regimen of hourly treatment during the day only for an additional 3-4 
days; application of topical drugs is then reduced to every 2 hours during the day for up 
to a month, and then 6 times daily for the next several months to a year or more (Khan 
2006). Side effects from such a harsh treatment regimen on delicate corneal tissue are 
common. 
 Amoebic Granulomatous Encephalitis. Amoebic granulomatous encephalitis is 
a rare complication that occurs as a secondary infection in immunocompromised 
individuals, such as patients suffering from AIDS or alcoholism (Marciano-Cabral and 
Cabral 2003; Schuster 2002). The amoeba enters the central nervous system by 
invasion of alveolar blood vessels in the lower respiratory tract and subsequently 
crossing the blood brain barrier (Khan 2010; Martinez 1991). Some authors propose 
that the amoebas can cross the blood brain barrier due to their morphologic and 
locomotive similarities to human macrophages (Siddiqui and Khan 2012).  
 The rate of amoebic granulomatous encephalitis deaths is currently estimated to 
be 1.57 per 10,000 in HIV/AIDS deaths (Khan 2006). It is of some concern that this 
31 
 
disease may become more prevalent as more patients undergo treatments which leave 
them immunocompromised, such as chemotherapy or steroid treatments (Marciano-
Cabral and Cabral 2003; Siddiqui and Khan 2012). 
 Acanthamoeba Endosymbionts. Another complication in the pathogenicity of 
Acanthamoeba is the ability of the cells to harbor endosymbiotic bacteria which are 
infectious to humans (Bui et al. 2012; Conza et al. 2013; Fritsche et al 1993). The 
relationship between the amoeba and bacteria can be extremely complex; although 
most bacteria phagocytosed by the cells are ingested, some bacterial species upon 
which Acanthameoba feed regularly have developed methods to persist within the 
cytoplasm of the cell to become endosymbionts (Bui et al. 2012; Salah et al. 2009). 
Studies by Fritshe et al. 1993 suggest that a diverse assemblage of gram negative and 
non-acid fast rods and cocci can utilize Acanthamoeba as a host.  
 While residing within the resilient amoeba, many bacterial species are 
temporarily protected from external disinfectants and thus gain the possibility of causing 
human disease. For instance, Bui et al. 2012 have reported that Acanthamoeba may 
serve as an important vector by which Campylobacter jejuni can survive otherwise 
intolerable environments and provide a method of transmission and subsequent 
infection. Other known endosymbionts capable of producing human disease include 
Legionella pneumophila (Conza et al. 2013). 
 Virulence Factors.  The T4 genotype of Acanthamoeba is the primary target of 
research into pathogenicity of the genus, as it is the causative agent of over 90% of 
amoebic keratitis cases and most amoebic granulomatous encephalitis cases (Booten 
et al. 2004; da Rocha-Azevedo and e Silva-Filho 2007). However, the T4 genotype is 
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not alone in its opportunistic potential, and several other isolates and species have been 
found in human disease: Acanthamoeba castellanii, A. culbertsoni, A. griffini, A. 
hatchetti, A. lugdunensis, A. polyphaga and A.rhysodes have all been isolated from 
amoebic keratitis patients (Walochink et al. 2000). Additionally, Acanthamoeba isolates 
from the environment may be opportunistically pathogenic; the ability of these isolates 
to grow and survive and human body temperature (37⁰C) or higher is one indication that 
the isolate could also grow in human tissues (Schuster 2002).  
 Not all isolates of Acanthamoeba can cause human disease. The factors behind 
the pathogenic potential of clinical Acanthamoeba isolates are not entirely understood. 
Authors da Rocha-Azevedo and e Silva-Filho 2007 performed an interesting study in 
which they compare a pathogenic isolate and freshwater isolate of the same 
Acanthamoeba species. Their findings show that the clinical isolate grew faster, 
possessed more proteolytic activity, completed encystment more rapidly, and had 
increased cytopathic effects on cell culture monolayers (da Rocha-Azevedo and e Silva-
Filho 2007). However, the specific virulence factors which grant these abilities to clinical 
isolates are not fully characterized. 
PROJECT OVERVIEW 
Purpose of the Study 
 The phenotypic properties of growth and encystment can vary considerably 
between isolates of Acanthamoeba. As stated previously, the amoebae have been 
recovered from highly disparate environments, with some strains able to thrive in 
environmental conditions which would stimulate encystment or even cause cell lysis in 
many other stains. The ability for these single-celled amoebae to prosper in such 
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diverse surroundings is essential to survivability of the genus, and provides a rich 
opportunity for investigation into the adaptability of these cells. 
Statement of the Problem 
 Previous studies by Clarke et al. 2013 have investigated the Acanthamoeba 
genome and found a remarkably large number of genes encoding extracellular signal 
receptors, which would allow these cells to respond to a great variety of environmental 
cues. How these amoebae process these signals, and ‘decide’ whether or not to encyst 
in response to those signals, or even over many generations to adapt to new 
surroundings, are still incompletely understood. Other authors have noted that 
Acanthamoeba are capable of acclimating to new conditions over repeated generations, 
either by becoming more resilient in the case of increased osmotic pressures, or by 
losing virulence traits in laboratory conditions (Booten et al. 2004; Cordingley and 
Trzyna 2008; Koeshler et al. 2008).  
 These findings have raised a host of questions concerning the behavior of these 
amoebae. It is well known that some strains are more or less tolerant to different 
stressors in their environments. Therefore, what are the specific sensory mechanisms 
by which trophozoites first interpret environmental stress signals? Do these more 
tolerant strains possess unique extracellular signal receptors? Do different stress 
triggers in fact stimulate unique or multiple signaling cascades? And, once a signal has 
been received, what are the pathways which translate that information into encystment 
induction? Furthermore, what are the long-term effects of prolonged exposure to more 
atypical environmental conditions? Do isolates develop tolerance, or even preference 
for unusual conditions over repeated generations, and if so, how? Before these 
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questions may be properly addressed, it is first necessary to define the phenotypic 
properties of unique isolates. 
Rationale for the Study 
 The overall objective of this current study is to contribute to a larger 
understanding of the Acanthamoeba genus by characterizing the phenotypic variables 
of growth rate, encystment rate, and encystment success in several diverse isolates 
with known, strain specific environmental tolerances (refer to Table 2). Although it is 
known that different strains have unique growth characteristics, this study will aid 
research into this genus by examining these phenotypic behaviors in depth, using easily 
quantifiable variables. This preliminary work aims to highlight and define the phenotypic 
properties of unique environmental tolerance, and precede genetic studies into the 
mechanisms which underlie these characteristics. 
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Table 2 Summary of the Acanthamoeba stains utilized by this study and their characteristics. 
 
 Acanthamoeba strains selected for this study display tolerance to environmental 
conditions that have been shown to trigger encystment in or kill trophozoites of the Neff 
strain. Unique isolates included here are the free-living isolate 9 (FLA9), Berkeley Pit 
isolate (BP), and free-living isolate 22 (FLA22) (as shown in Table 2). The FLA9 isolate 
was originally collected from dry beach sand in Florida, and has been reported by 
Booten et al. 2004 to have increased tolerance to high salinity environments, as 
compared to many other strains; for instance, hyper-osmolarity triggers encystment in 
the Neff strain. Interestingly though, some strains seem to acclimate to these conditions 
with repeated generations (our unpublished data) with reduced encystment, and thus 
the FLA9 isolate is of particular interest to this study (Cordingley and Trzyna 2008). The 
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BP isolate was recovered from a highly acidic environment known as the Berkeley Pit in 
Montana, and therefore has shown unique, strain specific tolerance to low pH 
conditions. The FLA22 isolate is singularly useful in two regards: it can grow at higher 
temperatures known to trigger encystment in the Neff strain, and is also of the T5 
genotype, unlike all other isolates in this study which are of the T4 genotype. Therefore, 
the T5 isolate may allow investigation of strain specific tolerance across a broader 
range of genetic diversity within the Acanthamoeba genus. 
 By examining the selected isolates of Acanthamoeba with known, uncommon 
growth capability in environmental conditions which are known to induce encystment in 
many other strains, and comparing their phenotypic responses in those conditions to 
those of the type strain, Neff, this study aims to better understand the phenotypic 
diversity present across the genus (refer to Figure 9). Throughout this study, the Neff 
strain will serve as the reference strain; this strain has been studied extensively and its 
genome has been fully sequenced and made available to researchers at the NCBI 
GenBank website (accession number AHJI00000000.1). In addition, starvation is a 
conserved encystment trigger known to promote encystment across all Acanthamoeba 
isolates, as well as being a well-known stress condition in many other systems, and is 
applied to Neff strain here as a criterion by which the effects of other stress triggers may 
be evaluated. 
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Figure 9 Flowchart of the culture conditions applied to the study isolates. 
 
 Throughout this study, each of these isolates were grown under the standard 
conditions used routinely for the Neff strain, and were then grown under the more 
atypical environmental conditions for which they had reported tolerance (as outlined in 
Figure 9) and their growth and encystment observed over time. The overall goal of this 
study was to generate phenotypic profiles for these Acanthamoeba isolates. These data 
will ultimately contribute to a further understanding of the connection between the 
phenotypic properties of these amoebae and the associated genes and underlying 
mechanisms. Characterization of each isolates response to these unusual 
environmental conditions, which would typically induce encystment, is necessary before 
in depth studies of the signaling pathways and associated genes involved in the unique 
tolerance of these isolates may progress. Therefore, in order to define the phenotypic 
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properties of the study isolates under standard growth conditions and when subjected to 
the experimental growth conditions, the present study investigates three specific aims.  
 First Specific Aim. The first specific aim is to calculate the growth rates of the 
study isolates in standard conditions, and after the application of specific environments 
to which the study isolates have reported tolerance, including increased osmolarity, 
acidic pH, and elevated temperature for the FLA9 isolate, BP isolate, and FLA22 isolate, 
respectively. The reference strain, Neff, is also grown in as many of the study conditions 
as possible. Growth rate for this study is based on an exponentially growing population 
in which encystment is the only loss from the vegetative population, and will be 
determined using a method described by Olli et al. 2004 (equations provided in Table 3).  
 Growth rate is calculated to provide key information about how the specific 
environmental conditions applied by the current study affect the ability of trophozoites to 
continue their growth and cell division. Once the isolates are inoculated into the 
experimental growth conditions there are three main courses of action these amoebae 
can take. First, if a strain or isolate does not recognize the conditions as a source of 
stress or signal to encyst, but is unable to thrive in the encountered conditions, the 
growth rate will decline due to cell lysis and death. The second possibility is that the 
environmental conditions are recognized as a source of extracellular stress by the 
isolate, and that signal is translated by the cells to promote the process of encystment; 
therefore, growth rate will slow as trophozoites cease to undergo binary fission in favor 
of encysting. The third possibility is that a specific isolate is tolerant of the stress 
conditions; ergo its growth rate will not be adversely affected by the experimental 
conditions. Demonstration of the ability of some isolates to thrive in conditions which 
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would hinder the growth, stimulate encystment, or cause cell lysis in the Neff strain 
could lead to further understanding of the phenotypic diversity present within the 
Acanthamoeba genus. 
 Second Specific Aim. The second specific aim is to calculate the encystment 
rate for the study isolates in standard conditions, and after the application of specific 
environments to which the study isolates have reported tolerance, including increased 
osmolarity, acidic pH, and elevated temperature for the FLA9 isolate, BP isolate, and 
FLA22 isolate, respectively. The reference strain, Neff, is also grown in as many of the 
study conditions as possible. The mean exponential encystment rate is quantified here 
using a method described by Olli et al. 2004 (equations provided in Table 3).  
 Encystment rate is calculated to provide insight into the specific behavior of these 
isolates in response to the experimental growth conditions. If the study isolates 
recognize their growth environment as harmful, they will attempt to encyst in order to 
survive. However, Acanthameoba isolates in laboratory conditions will typically encyst 
once the stationary phase of growth is reached (Chagla and Griffiths 1974, Cordingley 
and Trzyna 2008). Therefore, in order to distinguish between the normal encystment 
which is typically present in cultures of these cells, and encystment in response to 
perceived stress due to the experimental conditions applied by the current study, the 
rate of encystment is calculated.  
 As mentioned previously within the Encystment section of Chapter 1, the 
literature suggests that the relative strength of the encountered environmental stress 
trigger allows for one of two choices to the encysting cell. A moderate trigger will allow 
the cell to continue to complete its replication cycle until reaching a checkpoint, likely in 
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the G2 phase of mitosis, where the cell then ‘decides’ to induce encystment; on the 
other hand, a strong trigger causes the cell to abruptly stop its mitosis cycle and 
immediately begin encystment (Byers et al. 1991; Cordingley and Trzyna 2008). By 
measuring the rate of encystment for the various environmental conditions investigated, 
it is possible to draw some conclusions about how those conditions are interpreted by 
the study isolates, and whether or not they are perceived as a source of extracellular 
stress. 
 Third Specific Aim. The third specific aim is to measure the overall encystment 
success for the study isolates in standard conditions, and after the application of 
specific environments to which the study isolates have reported tolerance, including 
increased osmolarity, acidic pH, and elevated temperature for the FLA9 isolate, BP 
isolate, and FLA22 isolate, respectively. The reference strain, Neff, is also grown in as 
many of the study conditions as possible. Encystment success is measured here as the 
highest percent of mature cysts in the total population of cells for each isolate under 
every applied growth condition.  
 Encystment of Acanthamoeba is a mechanism to preserve cell viability and 
survive during unfavorable conditions. It has been noted in the literature that 
Acanthamoeba isolates grown in ideal, laboratory conditions do not reach usually reach 
100% encystment unless an additional, recognized stress trigger is present (Chagla and 
Griffiths 1974, Cordingley and Trzyna 2008). Therefore, if the study isolates do not 
recognize the experimental growth conditions as a source of stress, the overall 
encystment success in those conditions should not be higher than those for the isolates 
in standard conditions. In addition, although some stress triggers cause a stronger, 
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more immediate response in cell populations, faster encystment does not necessarily 
equate to encystment success. Only cells which are in the correct phase of mitosis 
when they begin the encystment process can form fully mature cysts. Moderate, gradual 
triggers allow cells to reach the ideal phase of their replication cycle before they begin 
the process of encystment induction. Therefore, measuring the overall encystment 
success of the study isolates in the applied growth conditions will aid in the 
interpretation of the behavior of these cells. The ability of Acanthamoeba isolates to 
successfully undergo encystment and form mature cysts aids in this amoeba’s ubiquity 
in the environment and its virulence in human disease. 
Expectations 
 Taken together, these three variables will aid in the interpretation of the behavior 
of these isolates in response to the experimental growth conditions applied by the 
current study. By characterizing the phenotypic properties of growth and encystment for 
these isolates known for having unusual tolerance to otherwise harsh conditions, this 
study aims to provide unique insight into the inherent phenotypic flexibility within the 
Acanthamoeba genus. It is expected that isolates with reported tolerance to otherwise 
stressful environmental conditions will fare better under the experimental growth 
conditions applied here than the laboratory acclimated Neff strain; the selected isolates 
are anticipated to maintain their growth rate and have similar encystment rates and 
overall encystment success in the applied experimental growth conditions as they do in 
standard conditions. Defining these characteristics will aid future studies investigating 
the genetic flexibility present across this fascinating genus. Understanding the potential 
changes in the behavior of these isolates which can easily occur during prolonged 
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maintenance in laboratory cultures is also vital, particularly as the Acanthamoeba 
system becomes an increasingly utilized model for research. 
CHAPTER 2 
MATERIALS AND METHODS 
Media Description 
 Acanthamoeba isolates were maintained as shaking, axenic cultures in liquid 
medium (200rpm, 30°C). Acanthamoeba media (AC media) is composed of 0.75 W/V% 
yeast extract, 0.75 W/V% proteose peptone, 1.5% W/V glucose, 0.1mM ferric citrate, 
1mM magnesium sulfate, 2mM potassium dihydrogen phosphate, and 0.05mM calcium 
chloride, adjusted to pH 7; sterile water is added back to replace volume lost during 
autoclaving. Encystment media (EM) is composed of 0.1M potassium chloride, 20mM 
tris buffer, 8mM magnesium sulfate heptahydrate, and 0.4mM calcium chloride, 
adjusted to pH 8.8; sterile water is added back to replace volume lost during 
autoclaving. 
Culture Conditions 
The Acanthamoeba isolates used in this current study (Neff strain, FLA9 isolate, 
BP isolate, and FLA22 isolate) were subjected to a variety of experimental culture 
conditions, as previously described in the Rational of the Study section (refer to Figure 
9). Cells were harvested from established, shaking axenic cultures (200 rpm) which had 
been maintained in specific conditions for several generations (at least 4). The specific 
culture conditions are described below; the culture conditions applied to the study 
isolates are also indicated on all figures and tables. 
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 Standard Conditions. Acanthamoeba isolates (Neff strain, FLA9 isolate, BP 
isolate, and FLA22 isolate) were maintained axenically in shaking cultures (200 rpm, 30
⁰C) in standard AC media (pH 7.0) with regular subculture for several generations prior 
to the start of these experiments. Early to mid-log cells (between 2.0×106cells/mL and 
4.0×106cells/mL) were inoculated into triplicate cultures at a starting density of 
approximately 1.0×104cells/mL to 1.0×105cells/mL in a final volume of 30mL AC media 
at time point zero for each experiment. Growth in standard conditions is utilized as a 
baseline, by which comparisons to the growth of these isolates in the applied 
experimental conditions may be drawn. 
 Starvation Conditions. Starvation conditions are utilized to observe the 
behavior of a conserved stress in the reference strain, Neff. The Neff strain was 
maintained in standard AC media with regular subculture for several generations prior to 
the application of starvation conditions. Early to mid-log cells were inoculated into 
triplicate cultures at a starting density of approximately 1.0×104cells/mL to 
1.0×105cells/mL in a final volume of 30mL AC media at time point zero. Starvation 
conditions are administered by harvesting the cells during early to mid-log growth 
(between 2.0×106cells/mL and 4.0×106cells/mL) by centrifugation (JA-20, 4⁰C, 
5000rpm). Pelleted cells were washed 3 times with 10mL of sterile EM; cells were then 
re-suspended in EM (volume equal to the original culture volume). 
 Hyperosmolar Conditions. Neff strain and FLA9 isolate were grown initially in 
standard AC media for several generations prior to the start of these experiments. Early 
to mid-log cells were inoculated into triplicate cultures at a starting density of 
approximately 1.0×104cells/mL to 1.0×105cells/mL in a final volume of 30mL AC media 
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at time point zero. The hyperosmolar conditions are applied to both the Neff strain and 
the FLA9 isolate during logarithmic growth, at approximately 72 to 96 hours post-
inoculation with a population density between 2.0×106cells/mL and 4.0×106cells/mL. 
Hyperosmolar conditions of 50mM NaCl are applied to the FLA9 isolate with the 
addition of 300μL of sterile 5M NaCl in a final volume of 30mL AC media at 96 hours 
post-inoculation. Hyperosmolar conditions of 125mM NaCl are applied to the Neff strain 
and the FLA9 isolate with the addition of 750μL of sterile 5M NaCl in a final volume of 
30mL AC media at 72 hours post-inoculation. 
 Acidic pH Conditions. Analysis of growth in response to acidic pH is achieved 
by adjusting the pH of standard AC media with 10M hydrochloric acid to pH 5.0, pH 4.0, 
and pH 3.0. 
 The Neff strain was maintained in standard culture conditions for several 
generations (pH 7.0) prior to the start of the experiment. Early to mid-log cells were then 
inoculated into triplicate cultures of AC media previously adjusted to pH 3.0 at a starting 
density of 1.0×104cells/mL to 1.0×105cells/mL at time point zero. 
 The BP isolate was acclimated to acidic conditions by maintenance in AC media 
of pH 5.0, pH 4.0 and pH 3.0, respectively, for several subcultures prior to the start of 
the experiments (at least 4). Early to mid-log cells were then inoculated into triplicate 
cultures of AC of the same pH at a starting population density of 1.0×104cells/mL to 
1.0×105cells/mL at time point zero. 
 Elevated Temperature Conditions. The FLA22 isolate was acclimated to 
elevated temperature (37°C) for several generations in standard AC media prior to the 
start of the experiment (at least 4). Early to mid-log cells were then inoculated into 
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triplicate cultures of standard AC media (37°C) at a starting density of 1.0×104cells/mL 
to 1.0×105cells/mL at time point zero. 
Growth Characterization 
 Acanthamoeba isolates were grown in triplicate for each of the described 
standard and experimental conditions to provide accurate means and standard 
deviations. Cultures were initially inoculated by sub-culturing from previously 
established populations when cells were in early to mid-log (cell density between 
2.0×106cells/mL and 4.0×106cells/mL) to ensure that the vast majority of cells are in the 
trophic form; a small, residential population of cysts is typically present in cultures of 
these amoeba, which are here considered negligible. Cultures are inoculated at a 
starting density of approximately 1.0×104cells/mL to 1.0×105cells/mL in a final volume of 
30mL AC media; the time of inoculation is recorded as time point zero. Cell populations 
are counted for both the total population of cells and the number of cysts present within 
the population approximately every 24 hours after their initial inoculation until the end of 
the experiment. 
 Total Cell Population. Cell counts were performed manually using a standard 
hemocytometer. A uniform suspension of cells is obtained by vigorously swirling the 
culture flask for at least 30 seconds before sampling the culture. The sample size for the 
counting procedure is negligible; approximately 50µL for each count. As necessary, 
sterile AC media is used as a diluent for total cell counts. Samples are mixed thoroughly 
by pipetting up and down at least 10 times before loading the specimen onto the 
hemocytometer. Counts of total cell populations include both trophozoites and cysts. 
Total cell population is used because it cannot be precisely determined by visual 
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inspection alone whether cells are merely rounded trophozoites in the very beginning 
stages of encystment or if cells have advanced to the immature pre-cysts, or formed 
fully mature cysts. The time of counting and cell density are recorded. 
 Cyst Population in AC Media. To determine the population of cysts present in 
cultures, samples are treated with sodium dodecyl sulfate (SDS), as described in 
Cordingley et al. 1996; this allows for the distinction between the trophozoite and cyst 
cell forms. A uniform suspension of cells is obtained by vigorously swirling the culture 
flask for at least 30 seconds before approximately 50µL of sample is removed. Any 
necessary dilution for extremely dense cell populations is prepared using sterile AC 
media. A 1:1 dilution of cell suspension to 2% SDS is prepared, which results in lysis of 
trophic amoebae, leaving only the resilient, double-walled cysts (both immature and 
mature forms) behind. The sample suspension is incubated at room temperature for at 
least 5 minutes to ensure that no trophozoites remain. The cyst population is then re-
suspended by pipetting the mixture up and down within the sample tube at least 10 
times before loading the specimen onto the hemocytometer and performing manual cyst 
counts. The 1:1 2% SDS dilution must be considered in calculating the cell density, as 
well as any initial dilutions of sterile AC media. 
 Cyst Population in EM. To induce encystment under starvation conditions, Neff 
cells were harvested from AC media, and subsequently washed and re-suspended in 
EM, as described previously. Cyst counts from EM require an additional step to prevent 
any precipitation due to the interaction between the tris buffer containing EM and the 
SDS. First, a uniform suspension of cells is obtained by vigorously swirling the culture 
flask for at least 30 seconds before 50µL of specimen is removed. The sample is then 
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centrifuged to pellet the cells. As much EM as possible is removed without disturbing 
the cell pellet in increments of 10µL, and the total volume of EM media removed is 
recorded (generally between 30µL and 40µL). The cell pellet is re-suspended in 1.0mL 
of sterile AC media and the cell suspension is mixed thoroughly followed by 
centrifugation. 1mL of supernatant is removed without disturbing the cell pellet and the 
cells are re-suspended in the same volume of sterile AC media as EM removed 
originally so that the cell density remains the same. Any remaining EM in the cell 
suspension should cause only a negligible precipitation reaction with SDS. The cyst 
counting procedure with 2% SDS at a 1:1 ratio is then carried out as described above. 
GRAPHS, TABLES, AND CALCULATIONS 
Growth Curves 
 The results for each of the described growth conditions (refer to Figure 9) are 
included in the appendix of this thesis, and plotted on a series of graphs in Chapter 3: 
for each experiment, three graphs displaying the total population of trophozoites and 
cysts (A), cyst population (B), and percent cysts (C) are shown.  
 Total Population Plots (A). The total population of trophozoites and cysts for 
each experimental condition is shown on semi-logarithmic plots displaying the cell 
density on the y-axis at intervals from 1.00×100cells/mL to 1.00×108cells/mL against 
time in hours from time point zero to 216 on the x-axis. All points represent the mean of 
triplicate cultures and error bars are standard deviation. 
 Cyst Population Plots (B). The cyst population for each experimental condition, 
as acquired from 2% SDS counts, is shown on semi-logarithmic plots displaying the cell 
density on the y-axis at intervals from 1.00×100cells/mL to 1.00×108cells/mL against 
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time in hours from time point zero to 216 on the x-axis. All points represent the mean of 
triplicate cultures and error bars are standard deviation. 
 Percent Cysts Plots (C). The percentage of cysts present at each point in time 
is calculated from the number of cysts (from 2% SDS counts) per total population of 
trophozoites and cysts. Percent cysts are plotted on the Y-axis from 1% to 120% to 
allow for those cases where sticky, clumping cysts create a margin of error in the 
counting procedure, against the X-axis as time in hours from time point zero to 216 
hours. All points represent the mean of triplicate cultures and error bars are standard 
deviation. 
Calculation of Growth and Encystment Rates 
 The effects of the experimental growth conditions on growth rate and encystment 
rate are investigated for each isolate, as described in the Rational for the Study section. 
Traditional methods of growth rate calculation do not account for cell populations with 
dual forms of vegetative cells and dormant cysts. To correct for cell loss due to 
encystment, the present study utilizes innovative calculations proposed by Olli et al. 
2004, which were originally designed for planktonic microbial populations which have 
similar dual-life stages of trophozoites and cysts. 
 This methodology considers the cultures to be exponentially growing populations 
in which encystment is the only loss from the vegetative population, with no true losses 
from the total population. Each cyst is considered to be formed from one trophozoite 
cell. To calculate the instantaneous growth rate of the population (μ) and the encystment 
rate of the population (Ԑ), five measured variables are needed: ∆t, the duration of the 
time interval; Nt, the concentration of trophozoites at the beginning of the time period; Nt 
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+ ∆t, the concentration of trophozoites at the end of the time period; Ct, the number of 
cysts at the beginning of the time period; Ct + ∆t, the number of cysts at the end of the 
time period. It is important to note here that the population of trophozoites is based on 
the calculation of total cells (trophozoites and cysts) minus the cyst population (acquired 
from 2% cysts counts). Each variable used by this study is based on the average value 
of triplicate cultures. 
Table 3 Calculations of instantaneous growth rate and encystment rate for dimorphic populations of 
vegetative and cyst cells. 
 
Adapted from “Encystment probability and encystment rate: new terms to 
quantitatively describe formation of resting cysts in planktonic microbial 
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populations,” by K. Olli, M. G. Neubert, and D. M. Anderson, 2004, Marine 
Ecology Progress Series, 273, 43-48. 
 
 Invalid Calculations. The calculations of instantaneous growth rate and 
encystment rate utilized by this study rely on the concentration of vegetative 
(trophozoite) and cyst forms. This current study does not measure the trophozoite 
population directly; instead the trophozoite population is calculated from the total 
population of trophozoites and cysts minus the cyst population (as acquired from 2% 
SDS counts). 
 Acanthamoeba cysts have an extremely sticky outer wall, which allows them to 
persistently adhere to both surfaces and other cysts. This creates a certain margin of 
error during manual counting procedures. Instances where the cyst population exceeds 
that of the total population result in an impossible, negative trophozoite population. This 
in turn results in an invalid calculation for step 5 in Table 3 (cannot calculate the natural 
log of a negative value), and therefore an inability to calculate both growth rate and 
encystment rate. These occurrences are clearly marked for any applicable results. 
Growth and Encystment Rate Tables. The growth rate and encystment rate 
results for each isolate under standard and experimental conditions are presented 
within tables in Chapter 3. The rates of course do change over time as logarithmic 
growth gives way to the stationary phase and subsequent decline phase, and therefore 
the tables provide the following information: total cell concentration (trophozoite and 
cyst forms) and cyst concentration (cyst forms only utilizing 2% SDS counts as 
described previously) for each recorded time point of experimentation; duration of time 
intervals in hours; instantaneous growth rate (µ); and encystment rate (ε). Each result is 
calculated from the mean total cells and mean cysts of identical triplicate cultures. 
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The currently methodology does not quantify the cyst population of the inoculum; 
therefore, the cyst population for encystment rate of the first time interval displayed on 
all rate tables (timepoint zero to approximately 24 hours) is based on no cysts being 
present in the inoculum. If a resident population of cysts is present, the results for 
encystment rate within ~24 hours may be falsely elevated. Any applicable cases are 
discussed where appropriate. 
Statistical Analysis 
 To determine whether variation in growth and encystment rates due to the 
experimental culture conditions applied by this study are statistically significant, key 
points within the data sets are further analyzed.  
 Analysis of Rates Figures. The total population of trophozoites and cysts for 
experimental and standard conditions for each isolate are matched as closely as 
possible immediately before the experimental conditions are applied; the change in 
growth rate and encystment rate are followed for an approximately 24-hour time 
interval. Results are plotted as stacked column charts so that any change in growth or 
encystment rate immediately in response to the experimental conditions may be easily 
visualized.  
 Analysis of encystment rate figures are unavailable for cultures which were 
inoculated directly into experimental conditions (BP isolate in acidic conditions, Neff 
strain in acidic conditions, and FLA22 isolate in elevated temperature) because the cyst 
population of the inoculum is not quantified by the current methodology; although any 
cyst population of the inoculum should be negligible, by considering the cyst population 
at inoculation as zero, the encystment rate at within 24 hours of inoculation may be 
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falsely elevated. Growth rates for cultures inoculated directly into experimental 
conditions are available; any resident cyst population at timepoint zero would not 
contribute to the growth rate, and would still be present for total population counts 24 
hours after culture inoculation. 
 P-Values. The potential changes in growth and encystment rate in response to 
the experimental growth conditions as compared to standard conditions for each isolate 
are analyzed using two sample T-tests assuming unequal variance. In each case, the 
null hypothesis is that there is no significant difference in the mean growth and 
encystment rates between cultures grown in standard conditions versus those grown in 
experimental conditions. For the purposes of this study, the one-tailed p is an 
appropriate measure of variance, because in each instance it may be predicted whether 
the growth or encystment rate of the experimental population should be slower or faster 
than results for the populations grown in standard conditions. P values equal to or less 
than 0.05 signify rejection of the null hypothesis, which indicates that statistically 
significant change in growth or encystment rate is present. P values greater than 0.05 
indicate acceptance of the null hypothesis, meaning that no significant change in growth 
or encystment rate is present. Each statistical analysis applied by the current study is 
included within Appendix C and Appendix D of this manuscript, and P-values are 
displayed on the analysis of rates figures where appropriate. 
Encystment Success Calculation 
 For the purposes of this study, encystment success is measured as the greatest 
percent of cysts per total population at any point during the study for each isolate under 
standard and experimental conditions. For ease of interpretation, results are plotted as 
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categorical stacked bar charts with the average highest percentage of cysts in triplicate 
cultures displayed with error bars indicating standard deviation. Some results may 
exceed 100% cysts; this is due to the fact that cysts have an extremely sticky outer wall, 
which allows them to persistently adhere to other cysts and surfaces and creates a 
certain margin of error during manual counting procedures. 
CHAPTER 3 
RESULTS 
 Members of the Acanthamoeba genus have been highly successful at adapting 
to a wide variety of conditions and environments, as evidenced by their ubiquitous 
presence in water and soil. As such, the purpose of this study is to examine the way in 
which diverse Acanthamoeba isolates have adapted to tolerate environmental 
conditions which would induce encystment in, or kill, the Neff strain. This is 
accomplished by observing the growth and encystment of a few select Acanthamoeba 
isolates with known, isolate specific environmental tolerances (as described in the 
Rationale for the Study section of Chapter 1). Throughout these studies, the effects of 
the experimental growth conditions are evaluated by comparison to the growth of each 
isolate in standard conditions. Standard conditions (as described in the Standard 
Conditions section) refers to the optimal growth environment for the Neff strain. 
Standard conditions provide an excess of glucose and other nutrients, and as such the 
primary limit to the growth of the amoebae is the closed system in which waste products 
accumulate; therefore, the amoebae will continue to grow and divide until the natural 
limits of the system are reached and cells enter the stationary phase of growth followed 
by decline.  
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 The results of each cell count are reported in the appendix of this manuscript, 
and are presented within this chapter as growth curves, as previously described in 
Chapter 2. In addition, several metrics are utilized in the analysis of the gathered data 
sets. Instantaneous growth rate is calculated to provide information about how the 
specific experimental conditions affect the ability of trophozoites to continue their growth 
and cell division. Encystment rate is calculated to determine if the experimental 
conditions are interpreted by the amoebae as a source of stress, or signal to encyst. 
Within each section of this chapter the growth rate and encystment rate are calculated 
from the average of triplicate cultures for each day of each data set. The growth rate 
and encystment rate naturally change over time as the amoebae go from logarithmic 
growth to stationary phase, and subsequent death phase. Growth and encystment rate 
may also change in response to the experimental conditions applied by this study. All 
calculations shown here are carried out as proposed by Olli et al. 2004, and are 
described in detail in the Calculation of Growth and Encystment Rate section (refer to 
Table 3). At times the growth rate may become negative due to declining populations, or 
the equation may be invalid as described in the Invalid Calculations section. Each table 
is clearly marked with the isolates and conditions of the experiments. All methods are as 
described in Chapter 2. In addition, specific points of interest have been evaluated for 
statistical significance, as described in the Statistical Analysis section. Finally, the third 
specific aim of encystment success is evaluated for each environmental condition, as 
described in the Encystment Success Calculation section. 
Neff Strain 
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 Growth Curves. The Neff strain serves as a reference strain for this current 
study, and as such is subjected to as many of the experimental conditions as possible 
(refer to Figure 9). Although growth curves for the Neff strain in the standard culture 
conditions used throughout these experiments have been previously reported 
(Cordingley and Trzyna 2008), they are included here due to their use as a baseline by 
which comparisons within the data sets may be evaluated. 
Starvation is a conserved trigger for encystment in Acanthamoeba and other 
similar cell systems, such as Entamoeba (Aguilar-Díaz et al. 2010). Starvation 
conditions are applied to the Neff strain here due to their use as a baseline for the 
behavior of these cells in response to an encystment trigger for which tolerance is 
unlikely to ever be achieved. As shown in Figure 10, starvation conditions are 
administered by growing the Neff strain in standard culture conditions until 73 hours 
post inoculation (population density 2.98x106 cells/mL), and subsequently replacing the 
standard AC media with non-nutrient encystment media (EM) as described in the 
Starvation Conditions section. Growth of the Neff strain in standard conditions is plotted 
on Figure 10 as well so that the response to starvation conditions may be evaluated. 
Immediately after starvation conditions are administered the Neff strain ceases to grow 
exponentially. The total population does increase very slightly, as all the cells which 
were already prepared to undergo binary fission complete the process. The total 
population from the point of starvation application increases from 2.98x106cells/mL (at 
73 hours) to a maximum population of 3.17x106cells/mL at 145.5 hours. The maximum 
population for this induced stationary phase is reduced as compared to the Neff strain in 
standard conditions, which has a peak total population of 1.04x107cells/mL at 126.5 
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hours (which is also the highest trophozoite population with cysts as a negligible 1% of 
the population). The trophozoite population for the Neff strain when subjected to 
starvation conditions reaches its peak at 99 hours with a population of 
3.07x106cells/mL. The cyst population of Neff in starvation conditions continues to 
increase throughout the experiment with a maximum concentration of 5.65x105cysts/mL 
at 198 hours, as compared to a total cyst yield of 2.19x105cysts/mL at the end of the 
experiment for the Neff strain in standard conditions. 
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Figure 10 Neff strain in starvation conditions (―●―); Neff strain in standard conditions is plotted 
alongside for comparison (- -▲- -). Total population of trophozoites and cysts (A), cyst population (B), and 
% cysts (C) are shown. Each point represents the average of identical triplicate cultures initially 
inoculated by subculture from an established logarithmic culture of cells with a population density of 
between 2.0×106cells/mL and 4.0×106cells/mL. Error bars represent standard deviation. Starvation 
conditions are administered by replacing standard AC media with EM at 73 hours, as indicated by (↓). 
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 Growth and Encystment Rates. The Neff strain in standard conditions has a 
maximum instantaneous growth rate of 0.073 at 24 hours during the logarithmic growth 
phase (refer to Table 4). The growth rate then hovers around 0.05 for the next two days 
of logarithmic growth until the Neff strain enters the stationary and decline phases. The 
encystment rate of the Neff strain in standard conditions reaches its peak at 171 hours, 
at 0.00037. Compared to the encystment rate of other isolates in this study, the Neff 
strain has a very low encystment rate in standard conditions. This is perhaps due to 
prolonged subculture in laboratory conditions favoring epigenetic modifications to lose 
encystment ability in favor of faster growth rate machinery; loss of encystment capacity 
in this regard has been observed in the literature (Koehsler et al. 2009).   
Table 4 Summary of the population dynamics of the Neff strain under standard conditions. Time: hours 
passed after inoculation of cultures; Duration: time interval (hours) used for calculations; Cells: 
concentration of trophozoite cells and cysts (ml-1); Cysts: concentration of cysts (ml-1); μ: instantaneous 
growth rate constant; Ԑ: mean exponential encystment rate. Time 0 represents inoculum size; total cells 
and cysts counts are means of three replicate samples. 
 
 
 As shown in previously in Figure 10, starvation conditions allow the trophozoites 
which were already undergoing binary fission to complete the process, but drastically 
reduces the growth rate of the Neff strain. The instantaneous growth rate declines from 
0.054 to 0.001 after AC media replacement with EM at 73 hours (refer to Table 5). The 
encystment rate is the highest at the end of the observed time period with a mean 
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exponential encystment rate of 0.006 at 198 hours, which is faster than that of the Neff 
strain in standard conditions (0.00037 at 171 hours). 
Table 5 Summary of the population dynamics of the Neff strain with starvation conditions applied by 
replacing standard AC media with EM at 73 hours, as indicated by (*). Time: hours passed after 
inoculation of cultures; Duration: time interval (hours) used in calculations; Cells: concentration of 
trophozoite cells and cysts (ml-1); Cysts: concentration of cysts (ml-1); μ: instantaneous growth rate 
constant; Ԑ: mean exponential encystment rate. Time 0 represents inoculum size; total cells and cysts 
counts are means of three replicate samples. 
 
 
 Analysis of Growth and Encystment Rates. The immediate effects of the 
applied starvation conditions on the growth and encystment of the Neff strain are further 
examined in Figure 11, as described in the Statistical Analysis section of Chapter 2. 
After the Neff strain is subjected to starvation conditions there is a significant reduction 
of the growth rate within 24 hours. However, there is not significant change to the 
encystment rate as compared to standard conditions until approximately 127 hours (54 
hours after starvation conditions are applied). This delay in response to the 
experimental conditions may indicate that starvation is a moderate stress trigger in the 
Neff strain, which allows cells more time to reach the ideal stage of mitosis before 
beginning the process of encystment. 
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Figure 11 Growth and encystment rate of the Neff strain for two approximately 24 hour intervals after 
starvation conditions are administered. Starvation conditions are compared to the standard conditions by 
matching the population of the Neff strain in standard conditions to the initial population of Neff with 
starvation conditions at the point of starvation administration as closely as possible. Each value 
represents the mean of identical, triplicate cultures. P is the calculated probably that the null hypothesis 
(no significant difference in means) is true, with P ≤ 0.05 indicating that significant difference in rates are 
present. 
 
 Encystment Success. As shown in Figure 12, starvation conditions result in an 
increase in encystment success over that observed for standard conditions in the Neff 
strain. The cyst population of Neff in starvation conditions reaches a maximum 
concentration of 5.65x105cysts/mL at 198 hours, which is 82% of the total population. 
The cyst yield for the Neff strain in standard conditions is 2.19x105cysts/mL at the end 
of the experiment, with cysts as 32% of the total population. 
 
Figure 12 Encystment success comparison for the Neff strain in starvation conditions and the Neff strain 
in standard conditions. Bars represent average values for identical, triplicate cultures. The highest 
percentages of cysts present in the total population for each isolate are reported. Error bars represent 
standard deviation. Some values may exceed 100%, as described in the Invalid Calculations section. 
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Free-Living Amoeba 9 
 Growth Curves. Free-living amoeba 9 (FLA9) was isolated from dry sand in 
Hobe Beach, Florida, and as such is expected by this study to have tolerance to 
osmotic stress, such as the high salinity conditions applied here. The baseline growth 
behavior of the FLA9 isolate is first obtained by cultivation under standard, ideal 
conditions as described in the Standard Conditions section. Figure 13 below shows the 
growth of the FLA9 isolate in standard conditions, with the Neff strain growth in standard 
conditions plotted alongside as a reference strain. With only the limits of the system to 
inhibit growth, the FLA9 isolate reaches the stationary phase at ~5.00x106cells/mL. The 
total population of the FLA9 isolate reaches its maximum concentration of 
5.43x106cells/mL at 144 hours, which is only roughly half that of the maximum 
population of the Neff strain (1.04x107cells/mL). The trophozoite population reaches its 
highest point at 120 hours with a population of 4.54x106cells/mL. The highest cyst yield 
is 4.88x106cysts/mL at the end of the observed time period, which is 100% of the total 
population. 
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Figure 13 FLA9 isolate in standard conditions (―●―); the Neff strain in standard conditions is plotted 
alongside for comparison (- -▲- -). Total population of trophozoites and cysts (A), cyst population (B), and 
% cysts (C) are shown. Each point represents the average of identical triplicate cultures initially 
inoculated by subculture from an established logarithmic culture of cells with a population density of 
between 2.0×106cells/mL and 4.0×106cells/mL. Error bars represent standard deviation. 
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 The salinity tolerance of the FLA9 isolate is investigated by administering a range 
of increasingly hyperosmolar conditions (as described in the Hyperosmolar Conditions 
section). The first increase in salinity is applied to the FLA9 isolate grown in standard 
AC media until 96 hours post inoculation (population density 4.53x106cells/mL), 
followed by the addition of sterile sodium chloride to a final concentration of 50mM 
NaCl. The growth of the FLA9 isolate in standard conditions is plotted on Figure 14 as 
well for comparison. The experimental conditions are applied to the FLA9 isolate as 
cultures are entering the stationary phase, with the total population hovering around 
4.50x106cells/mL from 96 hours until the end of the experiment. The maximum total 
population is 4.85x106cells/mL at 168 hours, which is very similar to that of the FLA9 
isolate in standard conditions (5.43x106cells/mL at 144 hours). The highest 
concentration of trophozoites present is 4.49x106cells/mL at 96 hours (same time as the 
applied hyperosmolar conditions). Because the experimental conditions are achieved 
just as the population is reaching the stationary phase, there is little to no difference in 
the maximum growth potential between the FLA9 isolate in 50mM NaCl conditions and 
that of the FLA9 isolate grown in standard conditions; however, it is interesting to note 
the changes in encystment potential (as shown in Figure 14, panel C). The cyst yield for 
the FLA9 isolate treated with 50mM NaCl peaks at 144 hours with 4.48x106cysts/mL, as 
compared to 4.88x106cysts/mL at 168 hours for the FLA9 isolate in standard conditions. 
These key differences in encystment rates are further examined in the Analysis of Rates 
section. Once again, by the end of the observed time period the cyst yield is >100% of 
the total population (see the Invalid Calculations section for further explanation of 
>100% cyst yields).  
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Figure 14 FLA9 isolate with hyperosmolar conditions of 50mM NaCl (―●―); the FLA9 isolate in standard 
conditions is plotted alongside for comparison (- - ■ - -). Total population of trophozoites and cysts (A), 
cyst population (B), and % cysts (C) are shown. Each point represents the average of identical triplicate 
cultures initially inoculated by subculture from an established logarithmic culture of cells with a population 
density of between 2.0×106cells/mL and 4.0×106cells/mL. Error bars represent standard deviation. 
Hyperosmolar conditions of 50mM NaCl are administered at 96 hours with the addition of sodium 
chloride, as indicated by (↓). 
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 The FLA9 isolate is also grown in hyperosmolar conditions of 125mM NaCl, 
which are administered with the addition of sterile sodium chloride to the standard AC 
media at 72 hours post culture inoculation (population density 2.67x106cells/mL); the 
growth of the FLA9 isolate in 125mM NaCl conditions is investigated first with 
comparison to growth of the FLA9 isolate in standard conditions, as shown in Figure 15. 
The FLA9 isolates population enters the stationary phase prior to the application of the 
experimental 125mM NaCl conditions, as shown in Figure 15. The growth of the FLA9 
isolate in 125mM NaCl conditions is very similar to that of the FLA9 isolate in standard 
conditions, with a maximum total population of 3.00x106cells/mL at 144 hours (as 
compared to a maximum total population of 5.43x106cells/mL at 144 hours for the FLA9 
isolate in standard conditions). The trophozoite population reaches its highest point right 
before 125mM NaCl conditions are applied at 72 hours, with 8.93x105cells/mL. The cyst 
yield peaks at 96 hours with 3.00x106cysts/mL, which is >100% of the total population 
(see the Invalid Calculations section for further explanation of >100% cyst yields).  
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Figure 15 FLA9 isolate with hyperosmolar conditions of 125mM NaCl (―●―); the FLA9 isolate in 
standard conditions is plotted alongside for comparison (- -■- -). Total population of trophozoites and cysts 
(A), cyst population (B), and % cysts (C) are shown. Each point represents the average of identical 
triplicate cultures initially inoculated by subculture from an established logarithmic culture of cells with a 
population density of between 2.0×106cells/mL and 4.0×106cells/mL. Error bars represent standard 
deviation. Hyperosmolar conditions of 125mM NaCl are administered at 72 hours with the addition of 
sodium chloride, as indicated by (↓). 
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 The behavior of the FLA9 isolate grown in hyperosmolar conditions of 125mM 
NaCl is also compared here to identical hyperosmolar conditions applied to the Neff 
strain, which does not exhibit tolerance to hyperosmolarity, but rather undergoes 
encystment. The experimental conditions of increased osmolarity are administered by 
first growing the Neff strain in AC media under standard conditions, followed by the 
addition of sterile sodium chloride to a final concentration of 125mM NaCl during early 
logarithmic growth (cell density 1.68x106 cells/mL) at 72 hours post inoculation. As 
shown in Figure 16, the exponential growth of the Neff strain ceases after the 
hyperosmolarity conditions are applied, and cells enter stationary phase at 
~3.00x106cells/mL. The maximum total population of the Neff strain is reduced, with a 
cell density of 3.06x106cells/mL at 131.5 hours (as compared to a maximum total 
population of 1.04x107cells/mL for Neff in standard conditions). The peak trophozoite 
population is 2.95x106cells/mL at 131.5 hours. The highest cyst yield is 
8.83x105cysts/mL by the end of the observed time period (194 hours). 
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Figure 16 FLA9 isolate with hyperosmolar conditions of 125mM NaCl (―●―); Neff strain with 
hyperosmolar conditions of 125mM NaCl is plotted alongside for comparison (- -▲- -). Total population of 
trophozoites and cysts (A), cyst population (B), and % cysts (C) are shown. Each point represents the 
average of identical triplicate cultures initially inoculated by subculture from an established logarithmic 
culture of cells with a population density of between 2.0×106cells/mL and 4.0×106cells/mL. Error bars 
represent standard deviation. Hyperosmolar conditions of 125mM NaCl are administered at 72 hours with 
the addition of sodium chloride, as indicated by (↓). 
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 Growth and Encystment Rates. The FLA9 isolate has a very similar growth rate 
in standard conditions to that of the Neff strain in standard conditions, hovering around 
0.06 during logarithmic growth. However, it is interesting to note that the FLA9 isolate 
has a higher encystment rate than the type strain at 0.1175 by the end of the observed 
time period (168 hours) compared to 0.0003 for the maximum encystment rate of the 
Neff strain in standard conditions (171 hours).  
Table 6 Summary of the population dynamics of the FLA9 isolate under standard conditions. Time: hours 
passed after inoculation of cultures; Duration: time interval (hours) used in calculations; Cells: 
concentration of trophozoite cells and cysts (ml-1); Cysts: concentration of cysts (ml-1); μ: instantaneous 
growth rate constant; Ԑ: mean exponential encystment rate. Time 0 represents inoculum size; total cells 
and cysts counts are means of three replicate samples. 
 
 
 The growth and encystment rates are also calculated for the FLA9 isolate in 
50mM NaCl conditions (applied at 96 hrs as described previously). The growth rate is 
reduced after the application of the experimental conditions, falling from 0.0564 to 
0.0004 (change in rate further examined in Figure 17). The highest encystment rate of 
the FLA9 isolate in 50mM NaCl hyperosmolar conditions is 0.0057; however the 
encystment rate is unable to be calculated for the end of the observed time period due 
to conditions mentioned in the Invalid Calculations section. 
Table 7 Summary of the population dynamics of the FLA9 isolate with hyperosmolar conditions of 50mM 
NaCl at 96 hours, as indicated by (↓) Time: hours passed after inoculation of cultures; Duration: time 
interval (hours) used for calculations; Cells: concentration of trophozoite cells and cysts (ml-1); Cysts: 
concentration of cysts (ml-1); μ: instantaneous growth rate constant; Ԑ: mean exponential encystment rate. 
Time 0 represents inoculum size; total cells and cysts counts are means of three replicate samples; na: 
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not applicable, represents cases where the calculation for growth rate and encystment rate become 
invalid as described in the Invalid Calculations section. 
 
 
 The tolerance of the FLA9 isolate is again scrutinized by calculating the growth 
and encystment rates for the experimental hyperosmolar conditions of 125mM NaCl at 
72 hours, as described in the Hyperosmolar Conditions section. It is necessary to note 
here that this current study has observed increased difficulty in obtaining accurate 
manual cyst counts for the FLA9 isolate in hyperosmotic conditions, due to cysts 
persistently adhering to each other a clumping fashion; because of this reaction to the 
culture conditions (125mM NaCl conditions in particular), accurate averages for 
statistical rate comparisons are unable to be obtained for the FLA9 isolate in 125mM 
NaCl. However, from the gathered data, some general trends may be noted. The growth 
rate of the FLA9 isolate appears to slow in response to 125mM NaCl treatment, with the 
logarithmic growth rate declining from 0.072 before treatment to -0.048 after treatment. 
The hyperosmolar conditions seem to be a trigger for encystment as well; the 
encystment rate increases from 0.010 before treatment to 0.038 after treatment. 
Unfortunately, the encystment rate for the end of the observed time period cannot be 
determined from the available data. 
Table 8 Summary of the population dynamics of the FLA9 isolate with hyperosmolar conditions of 125mM 
NaCl at 72 hours, as indicated by (*). Time: hours passed after inoculation of cultures; Duration: time 
interval (hours) used for calculations; Cells: concentration of trophozoite cells and cysts (ml-1); Cysts: 
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concentration of cysts (ml-1); μ: instantaneous growth rate constant; Ԑ: mean exponential encystment rate. 
Time 0 represents inoculum size; total cells and cysts counts are means of three replicate samples; na: 
not applicable, represents cases where the calculation for growth rate and encystment rate become 
invalid as described in the Invalid Calculations section. 
 
 
 In order to better comprehend the behavior of the FLA9 isolate in hyperosmolar 
conditions of 125mM NaCl, the behavior of a known hyperosmolar intolerant strain, 
Neff, is also investigated. High salinity affects the growth rate of the Neff strain the least 
of the applied experimental conditions utilized by this current study, slowing its growth 
from 0.062 before treatment to 0.038 post-treatment, or roughly halving it, as shown in 
Table 9. The encystment rate continuously increases after the application of 125mM 
NaCl conditions. The maximum encystment rate occurs at the end of the observed time 
period, with 0.01; this is faster than the maximum rate of encystment for the Neff strain 
in standard conditions, with 0.003. High osmolarity is shown by the collected data to be 
the strongest trigger for encystment in the Neff strain for the environmental conditions 
applied by the current study. 
Table 9 Summary of the population dynamics of the Neff strain with hyperosmolar conditions of 125mM 
NaCl at 72 hours, as indicated by (*). Time: hours passed after inoculation of cultures; Duration: time 
interval (hours) used for calculations; Cells: concentration of trophozoite cells and cysts (ml-1); Cysts: 
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concentration of cysts (ml-1); μ: instantaneous growth rate constant; Ԑ: mean exponential encystment rate. 
Time 0 represents inoculum size; total cells and cysts counts are means of three replicate samples. 
 
 
 Analysis of Growth and Encystment Rates. The immediate effects of the 
applied hyperosmolar conditions of 50mM NaCl on the growth and encystment of the 
FLA9 isolate are further examined in Figure 17, as described in the Statistical Analysis 
section of Chapter 2. The statistical analysis shows that the difference in growth rate for 
the FLA9 isolate with 50mM NaCl conditions is not significant as compared to the 
growth rate of the FLA9 isolate in standard conditions (P=0.2998, as shown in Figure 
16); however, it is important to note that the cultures are already entering the stationary 
phase when the experimental conditions are applied, and therefore it would be unlikely 
for a significant difference between the growth rates of the FLA9 isolate in 50mM NaCl 
conditions and the FLA9 isolate in standard conditions to be present, even if the 
experimental conditions were recognized as a source of extracellular stress. Yet despite 
the negligible change in growth rate, the observed change in encystment rate in 
response to the experimental 50mM NaCl conditions is significantly increased from the 
encystment rate of the FLA9 isolate in standard conditions (P=0.001, as shown in 
Figure 16). This might indicate that the FLA9 isolate perceives the hyperosmolar 
conditions to be a trigger for encystment.  
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Figure 17 Growth and encystment rate of the FLA9 isolate for one approximately 24 hour interval after 
50mM NaCl conditions are administered. Hyperosmolar conditions are compared to the standard 
conditions by matching the population of the FLA9 isolate in standard conditions to the initial population of 
the FLA9 isolate in 50mM NaCl conditions at the point the experimental conditions are applied as closely 
as possible. Each value represents the mean of identical, triplicate cultures. P is the calculated probably 
that the null hypothesis (no significant difference in means) is true, with P ≤ 0.05 indicating that significant 
difference in rates are present. 
 
The growth rate of the Neff strain significantly decreases in response to the 
experimental conditions of 125mM NaCl (P=0.021, as shown in Figure 18). Likewise, 
the increased salinity also significantly increases the encystment rate (P= trigger 
encystment (P=0.033, as shown in Figure 18).  This demonstrates that the Neff strain 
recognizes hyperosmolar conditions as a trigger to induce encystment.  
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Figure 18 Growth and encystment rate of the Neff strain for one approximately 24 hour interval after 
125mM NaCl conditions are administered. Hyperosmolar conditions are compared to the standard 
conditions by matching the population of the Neff strain in standard conditions to the initial population of 
the Neff strain in 125mM NaCl conditions at the point the experimental conditions are applied as closely 
as possible. Each value represents the mean of identical, triplicate cultures. P is the calculated probably 
that the null hypothesis (no significant difference in means) is true, with P ≤ 0.05 indicating that significant 
difference in rates are present. 
 
 Encystment Success. The FLA9 isolate in standard conditions has an 
approximately 3-fold greater cyst yield than the Neff strain in standard conditions (100% 
vs 32%, respectively). This key difference in isolates of the same genotype (T4) in 
identical growth conditions could reflect the Neff strain’s acclimation to laboratory 
conditions. The encystment success of the Neff strain does increase in response to the 
applied hyperosmolar conditions, with cysts as 70% of the total population at the end of 
the experiment, over double the cyst yield for the Neff strain grown in standard 
conditions (as shown in Figure 19). 
75 
 
 
Figure 19 Encystment success comparisons for the Neff strain in hyperosmolar conditions and standard 
conditions, and for the FLA9 isolate in hyperosmolar conditions and standard conditions. Bars represent 
average values for identical, triplicate cultures. The highest percentages of cysts present in the total 
population for each isolate are reported. Error bars represent standard deviation. Some values may 
exceed 100%, as described in the Invalid Calculations section. 
 
 The encystment success of the FLA9 isolate is increased when the experimental 
conditions of hyperosmolarity are applied. Although the encystment success of the 
FLA9 isolate is equal to or greater than 100 percent in each of the standard, 50mM 
NaCl, and 125mM NaCl conditions, cultures under the hyperosmolar conditions reach 
this level sooner than the FLA9 isolate in standard conditions. In this respect, the FLA9 
isolate has a similar reaction to the Neff strain in hyperosmolar conditions, which is also 
evident by the rate of encystment significantly increasing in response to increased 
salinity (as shown in Figure 17). 
 These results are unexpected, due to the FLA9 isolates reported tolerance to 
high osmolarity in the literature (Booten et al. 2004). Although the growth of the FLA9 
isolate in hyperosmolar conditions of 125mM NaCl appears very similar to that of FLA9 
in standard conditions, it displays greater encystment potential, which indicates that it 
has interpreted the hyperosmolar conditions as an additional signal to encyst. It is 
interesting to note that the FLA9 isolate was unable to be acclimated to increased 
osmolarity prior to the time period in which these experiments were taking place, unlike 
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the other study isolates (the BP isolate in acidic conditions, and the FLA22 isolate in 
elevated temperatures). Perhaps longer cultivation periods in smaller increments of 
increasing osmotic pressure are necessary to observe the reported traits for this isolate. 
Berkeley Pit Isolate 
 Growth Curves. The majority of microbes grow within the neutrophilic range, 
and acidic conditions are typically considered an environmental stress. Although 
extremes in pH kill most Acanthamoeba isolates, the Berkeley Pit isolate is unusual in 
that it was originally recovered from the shores of an acidic lake, which formed from 
rising groundwater pooling within a former open pit copper mine in Butte, Montana (~pH 
4). To evaluate its baseline growth, the BP isolate was first cultivated under standard 
conditions of AC media, pH 7.0, as described in the Standard Conditions section; the 
Neff strain growth in standard conditions is plotted alongside for comparison. Figure 20 
shows the BP isolates total population reaching its peak at 74 hours with a 
concentration of 7.35x106cells/mL; this marks the second highest growth for total 
population in the standard culture conditions used in these studies, second to the Neff 
strain with a total maximum growth potential of 1.04x107cells/mL. The maximum 
population of trophozoites is also reached at 74 hours with a concentration of 
7.25x106cells/mL. The highest cyst yield occurs at 122 hours with 6.51x106cysts/mL, 
which is >100% of the total population (see the Invalid Calculations section for further 
explanation of >100% cyst yields). 
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Figure 20 BP isolate in standard conditions (―●―); Neff strain in standard conditions is plotted alongside 
for comparison (- -▲- -). Total population of trophozoites and cysts (A), cyst population (B), and % cysts 
(C) are shown. Each point represents the average of identical triplicate cultures initially inoculated by 
subculture from an established logarithmic culture of cells with a population density of between 
2.0×106cells/mL and 4.0×106cells/mL. Error bars represent standard deviation. 
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 The behavior of the Berkeley Pit isolate is examined over a range of increasingly 
acidic conditions by first acclimating the isolate to those conditions for several 
generations (at least four) as described in the Acidic pH Conditions section of Chapter 
2. The BP isolate is then inoculated into media of the same pH at time point zero. Here 
the behavior of the BP isolate is observed at pH 5.0 (as shown in Figure 21); the growth 
of the BP isolate in standard conditions is plotted alongside so that any changes in the 
behavior of this isolate in response to the acidic conditions may be observed. The BP 
isolate in pH 5.0 reaches the stationary phase at ~6.50x106cells/mL. The maximum total 
cell population is 6.85x106cells/mL at 96.5 hours, which is only slightly reduced from the 
maximum growth of the BP isolate in standard conditions (7.35x106cells/mL at 74 
hours); an arguably negligible difference. The highest concentration of trophozoites 
occurs much earlier in the experiment, with 6.32x106cells/mL at 47.5 hours, after which 
the culture enter the stationary phase. The highest cyst yield is observed at the end of 
the observed time period, with a concentration of 6.53x106cysts/mL at 96.5 hours, which 
translates to 95% of the total population.  
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Figure 21 BP isolate in acidic pH 5.0 (―●―); the BP isolate in standard conditions (pH 7.0) is plotted 
alongside for comparison (- -■- -). Total population of trophozoites and cysts (A), cyst population (B), and 
% cysts (C) are shown. Each point represents the average of identical triplicate cultures initially 
inoculated by subculture from an established logarithmic culture of cells with a population density of 
between 2.0×106cells/mL and 4.0×106cells/mL. Error bars represent standard deviation. 
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 The phenotypic behavior of the BP isolate is also investigated in acidic culture 
conditions of pH 4.0, with experimental design as described previously (cells previously 
acclimated to pH 4.0 for at least four subcultures). The growth of the BP isolate at pH 
4.0 is shown in Figure 22 with the growth of the BP isolate in standard conditions plotted 
alongside for comparison. The BP isolate in AC media of pH 4.0 reaches the stationary 
phase at about 48 hours post inoculation at ~7.00x106cells/mL. The cell density reaches 
its highest point at 7.31x106cells/mL, 68 hours post inoculation, which is essentially the 
same as that observed for this isolate under standard conditions (7.35x106cells/mL at 
74 hours). The peak concentration of trophozoites is reached at 68 hours as well, with 
7.23x106cells/mL. The BP isolate in pH 4.0 has a maximum cyst yield of 
6.85x106cysts/mL at 117 hours; the highest percent cysts occurs at the end of the 
observed time period with 100% of the total population. 
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Figure 22 BP isolate in acidic pH 4.0 (―●―); the BP isolate in standard conditions (pH 7.0) is plotted 
alongside for comparison (- -■- -). Total population of trophozoites and cysts (A), cyst population (B), and 
% cysts (C) are shown. Each point represents the average of identical triplicate cultures initially 
inoculated by subculture from an established logarithmic culture of cells with a population density of 
between 2.0×106cells/mL and 4.0×106cells/mL. Error bars represent standard deviation. 
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 The BP isolate’s behavior is also examined at pH 3.0, as shown in Figure 23, 
with the experimental growth conditions administered as described previously (see the 
Acidic pH Conditions section); the growth of the BP isolate in standard conditions (pH 
7.0) is also plotted on Figure 23 for comparison. The stationary phase for the BP isolate 
in pH 3.0 is only slightly reduced at about 4.5x106cells/mL compared to standard 
conditions. The highest total population is at 117 hours post inoculation with 
5.79x106cells/mL as compared to 7.35x106cells/mL at 74 hours for standard conditions. 
The maximum concentration of trophozoites occurs at 68 hours with 4.36x106cells/mL. 
The highest cyst yield is at the end of the observed time period with 3.15x106cysts/mL, 
which is 62% of the total population. 
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Figure 23 BP isolate in acidic pH 3.0 (―●―); the BP isolate in standard conditions (pH 7.0) is plotted 
alongside for comparison (- -■- -). Total population of trophozoites and cysts (A), cyst population (B), and 
% cysts (C) are shown. Each point represents the average of identical triplicate cultures initially 
inoculated by subculture from an established logarithmic culture of cells with a population density of 
between 2.0×106cells/mL and 4.0×106cells/mL. Error bars represent standard deviation. 
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 In order to more completely understand the observed phenotypic behavior of the 
BP isolate, the growth of a known acid intolerant strain, Neff, was also investigated in 
AC media of pH 3.0 (as shown in Figure 24). For that experiment, Neff strain tropozoites 
growing logarithmically under standard conditions (pH 7.0) were inoculated directly into 
the acidic conditions of pH 3.0 at time point zero (as described in the Acidic pH 
Conditions section).  
The maximum total population of the Neff strain subjected to acidic conditions of 
pH 3.0 is 5.00x105cells/mL at the point of inoculation. Logarithmic growth does not 
occur once cells are introduced to the acidic culture conditions; the cell numbers only 
reduce from the point of inoculation until the end of the experiment. No appreciable 
numbers of cysts are observed. The first cyst count at 24 hours may simply represent 
the small resident population of cysts in the initial inoculation population at time point 
zero. The number of cysts at 24 hours, 5.33x103cysts/mL, declines slightly to 
2.00x103cysts/mL by the end of the recorded period. Since mature cysts do not 
disappear from cultures, this perhaps reflects the loss of incompletely encysted cells, or 
cells that did not complete the encystment process, and therefore did not produce fully 
developed cyst walls to protect the cysts from the high acidity present in the culture 
conditions. The maximum cyst yield is negligible at 2% of the total population at its 
highest point. 
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Figure 24 BP isolate in acidic pH 3.0 (―●―); Neff strain in acidic pH 3.0 is plotted alongside for 
comparison (- -▲- -). Total population of trophozoites and cysts (A), cyst population (B), and % cysts (C) 
are shown. Each point represents the average of identical triplicate cultures initially inoculated by 
subculture from an established logarithmic culture of cells with a population density of between 
2.0×106cells/mL and 4.0×106cells/mL. Error bars represent standard deviation. 
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Growth and Encystment Rates. The Berkeley Pit isolate has a similar rate of 
instantaneous growth in standard conditions to the other isolates of this study, with a 
peak logarithmic growth rate of 0.066 50 hours after the initial inoculation. The 
encystment rate by the end of the observed time period is 0.373, which is the highest 
mean exponential encystment rate recorded by this study.  
Table 10 Summary of the population dynamics of the BP isolate under standard conditions. Time: hours 
passed after inoculation of cultures; Duration: time interval (hours) used for calculations; Cells: 
concentration of trophozoite cells and cysts (ml-1); Cysts: concentration of cysts (ml-1); μ: instantaneous 
growth rate constant; Ԑ: mean exponential encystment rate. Time 0 represents inoculum size; total cells 
and cyst counts are means of three replicate samples; na: not applicable, represents cases where the 
calculation for growth rate and encystment rate become invalid as described in the Invalid Calculations 
section. 
 
 
 The Berkeley Pit isolate at pH 5.0 has a very similar logarithmic growth rate to 
that of the BP isolate in standard conditions (pH 7.0), with a maximum growth rate of 
0.068 at 23 hours post culture inoculation. The encystment rate is negligible for the first 
71 hours of the observed time period. By the end of the experiment the encystment rate 
is 0.130, or roughly a third of the maximum encystment rate in standard conditions;. 
However, the BP isolate in pH 5.0 was not observed for the same length of time as the 
BP isolate in standard conditions, which may account for the reduced maximum 
encystment rate observed.   
Table 11 Summary of the population dynamics of the BP isolate under acidic conditions, pH 5.0. Time: 
hours passed after inoculation of cultures; Duration: time interval (hours) used for calculations; Cells: 
concentration of trophozoite cells and cysts (ml-1); Cysts: concentration of cysts (ml-1); μ: instantaneous 
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growth rate constant; Ԑ: mean exponential encystment rate. Time 0 represents inoculum size; total cells 
and cysts counts are means of three replicate samples. 
 
 
 The growth rate for the BP isolate at pH 4.0 is very similar to those of the BP 
isolate grown at pH 5.0 or pH 7.0 (standard conditions). The peak logarithmic growth 
rate of the BP isolate at pH 4.0 is 0.065 24 hours after culture inoculation, which is 
almost unchanged from the growth rate at 24 hours for the BP isolate at pH 5.0 (0.068). 
The highest encystment rate is 0.122 at the end of the experiment, which is slightly 
reduced from that of the BP isolate at pH 5.0 (0.129). 
Table 12 Summary of the population dynamics of the BP isolate under acidic conditions, pH 4.0. Time: 
hours passed after inoculation of cultures; Duration: time interval (hours) used for calculations; Cells: 
concentration of trophozoite cells and cysts (ml-1); Cysts: concentration of cysts (ml-1); μ: instantaneous 
growth rate constant; Ԑ: mean exponential encystment rate. Time 0 represents inoculum size; total cells 
and cyst counts are means of three replicate samples.  
 
 
 Berkeley Pit isolate in acidic conditions of pH 3.0 reaches a maximum 
instantaneous growth rate during the logarithmic phase of 0.047 at 44 hours, which is 
slower than the observed growth rates for the BP isolate at pH 4.0, pH 5.0, or pH 7.0. 
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The maximum encystment rate is only slightly slowed compared as compared to more 
neutral conditions, at a maximum recorded 0.021 for at 117 hours.  
Table 13 Summary of the population dynamics of the BP isolate under acidic conditions, pH 3.0. Time: 
hours passed after inoculation of cultures; Duration: time interval (hours) used for calculations; Cells: 
concentration of trophozoite cells and cysts (ml-1); Cysts: concentration of cysts (ml-1); μ: instantaneous 
growth rate constant; Ԑ: mean exponential encystment rate. Time 0 represents inoculum size; total cells 
and cyst counts are means of three replicate samples. 
 
 
 As discussed previously, the Neff strain inoculated into pH 3.0 media does not 
grow at all, but instead the population goes into immediate decline following inoculation. 
Very low acidic conditions are completely intolerable to the Neff strain, immediately 
killing cells which results in a negative growth rate after the point of inoculation (24 
hours); the slight recovery in growth rate at 48 hours likely reflects the survival of a 
select few trophozoites for one or two generations. The maximum encystment rate is 
virtually unchanged in the first 48 hours of the experiment at 0.00025 and 0.00026 
respectively (as shown in Table 6). From the observed data is appears that only those 
cells which happened to be in the correct phase of their division cycle can even make 
the attempt to encyst. After this point, the negative encystment rate reflects the death of 
immature pre-cysts which were unable to complete the process successfully. 
 
Table 14 Summary of the population dynamics of the Neff strain in stress conditions of pH 3.0. Time: 
hours passed after inoculation of cultures; Duration: time interval (hours) used for calculations; Cells: 
concentration of trophozoite cells and cysts (ml-1); Cysts: concentration of cysts (ml-1); μ: instantaneous 
89 
 
growth rate constant; Ԑ: mean exponential encystment rate. Time 0 represents inoculum size; total cells 
and cysts counts are means of three replicate samples. 
 
 
 Analysis of Growth Rate. The logarithmic growth rate of the Berkeley Pit isolate 
in acidic conditions of pH 5.0 is slightly faster than that of the BP isolate in standard 
conditions, with 0.068 23 hours post culture inoculation (P=0.037, as shown in Figure 
25). The faster growth rate and may indicate this isolates preference for acidic 
conditions. As previously shown in Table 11, the encystment rate for the BP isolate in pH 
5.0 is 0.130 the end of the experiment, which is approximately a third of the maximum 
encystment rate in standard conditions (0.373). However, due to the prior acclimation of 
the BP isolate to acidic pH conditions, the growth of this isolate in these experimental 
conditions is evaluated from time point zero. The cyst population at the time of 
inoculation is not determined by this methodology, and therefore the immediate 
difference in the encystment rate of the BP isolate in response to the acidic conditions 
(pH 5.0, pH 4.0 or pH 3.0) cannot be accurately determined. 
 
Figure 25 Growth rate of the BP isolate for one approximately 24 hour interval after inoculation into acidic 
conditions of pH 5.0. Acidic pH conditions are compared to the standard conditions by matching the 
population of the BP isolate in standard conditions to the initial population of the BP isolate in pH 5.0 
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conditions at the point the experimental conditions are applied as closely as possible. Each value 
represents the mean of identical, triplicate cultures. P is the calculated probably that the null hypothesis 
(no significant difference in means) is true, with P ≤ 0.05 indicating that significant difference in rates are 
present. 
 
 The Berkeley Pit isolate at pH 4.0 also has a slightly faster logarithmic growth 
rate than the BP isolate in standard conditions, with 0.065 at 24 hours after culture 
inoculation; the faster growth rate of the BP isolate in acidic conditions of pH 4.0 is 
determined to be different comparted to the growth for this isolate in standard conditions 
within 24 hours (P=0.051, as shown in Figure 26). 
 
Figure 26 Growth rate of the BP isolate for one approximately 24 hour interval after inoculation into acidic 
conditions of pH 4.0. Acidic pH conditions are compared to the standard conditions by matching the 
population of the BP isolate in standard conditions to the initial population of the BP isolate in pH 4.0 
conditions at the point the experimental conditions are applied as closely as possible. Each value 
represents the mean of identical, triplicate cultures. P is the calculated probably that the null hypothesis 
(no significant difference in means) is true, with P ≤ 0.05 indicating that significant difference in rates are 
present. 
 
 The BP isolate in acidic conditions of pH 3.0 has a logarithmic growth rate of 
0.0392 at 24 hours, which is very similar to that of the BP isolate immediately after 
inoculation into standard conditions (0.0365 at 26 hours); these slight changes are not 
determined by this study to be statistically significant, as shown in Figure 27 
(P=0.4385). These results may indicate that the BP isolate has a range of preference for 
the acidic content of the growth environment; BP may prefer growth environments of pH 
5.0 and 4.0 over more acidic or neutral conditions.  
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Figure 27 Growth and encystment rate of the BP isolate for one approximately 24 hour interval after 
inoculation into acidic conditions of pH 3.0. Acidic pH conditions are compared to the standard conditions 
by matching the population of the BP isolate in standard conditions to the initial population of the BP 
isolate in pH 3.0 conditions at the point the experimental conditions are applied as closely as possible. 
Each value represents the mean of identical, triplicate cultures. P is the calculated probably that the null 
hypothesis (no significant difference in means) is true, with P ≤ 0.05 indicating that significant difference in 
rates are present. 
 
 For comparison to the behavior of the Berkeley Pit isolate, the changes of an 
acid intolerance strain, Neff, are also investigated (as shown in Figure 28). As 
previously observed, the acidic conditions applied by the current study do not allow the 
Neff strain to experience logarithmic growth, but instead immediately cause decline and 
death of the population. As compared to growth of the Neff strain in standard conditions, 
this difference in growth rates is deemed statistically significant (P=0.0003, as shown in 
Figure 28). The acidic conditions applied by the current study also do not offer the Neff 
strain the opportunity to encyst. 
 
Figure 28 Growth rate of the Neff strain for one approximately 24 hour interval after inoculation into acidic 
conditions of pH 3.0. Acidic pH conditions are compared to the standard conditions by matching the 
population of the Neff strain in standard conditions to the initial population of the Neff strain in pH 3.0 
conditions at the point the experimental conditions are applied as closely as possible. Each value 
represents the mean of identical, triplicate cultures. P is the calculated probably that the null hypothesis 
(no significant difference in means) is true, with P ≤ 0.05 indicating that significant difference in rates are 
present. 
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 Encystment success. The encystment success of the BP isolate in standard 
conditions is 100%, which is much higher than that of the Neff strain in standard 
conditions, with 32% encystment success (as shown in Figure 29). Again, the low 
encystment success of the Neff strain in standard conditions is likely due to loss of 
encystment capacity in favor of faster growth rate machinery. Furthermore, it was 
observed by the current study that the negligible population of resident cysts in the initial 
inoculation declined in the acidic conditions of pH 3.0 as well. These results indicate 
that the acidic conditions applied by the current study simply kill off cells of the Neff 
strain, and do not allow the trophozoites the opportunity to encyst, and also destroy less 
than fully mature cysts. 
 
Figure 29 Encystment success comparisons for the Neff strain in acidic conditions and standard 
conditions, and for the BP isolate in acidic conditions and standard conditions. Bars represent average 
values for identical, triplicate cultures. The highest percentages of cysts present in the total population for 
each isolate are reported. Error bars represent standard deviation. Some values may exceed 100%, as 
described in the Invalid Calculations section. 
 
 The encystment success of the BP isolate is higher in the pH neutral, standard 
conditions than it is in the experimental acidic conditions applied by the current study. 
As mentioned previously, encystment success is typically increased in cultures which 
have an additional signal to encyst beyond the normal encystment which naturally 
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occurs as Acanthamoeba isolates enter the stationary phase in laboratory conditions. 
This could indicate that the BP isolate has a preference for acidic conditions, and as 
such recognizes the pH neutral, standard conditions as being unfavorable. This idea 
agrees with other study findings, such as the significantly faster rates of growth in acidic 
conditions of pH 5.0 and pH 4.0 as compared to standard conditions for the BP isolate. 
However, the encystment success of the BP isolate in pH 3.0 is much lower than for the 
other observed conditions for the BP isolate. This could also indicate favorable growth 
of the isolate in acidic pH 3.0 conditions (reduced encystment). 
Free-Living Amoeba 22 
 Growth Curves. The free-living amoeba 22 (FLA22) was isolated from soil in 
Hollywood, Florida and was reported to show tolerance to higher temperatures than is 
tolerated by most Acanthamoeba isolates studied. It is also unique in that it the most 
genetically dissimilar of the study isolates, being of the T5 genotype. The baseline 
behavior of the FLA22 isolate is first examined in standard conditions as described 
previously in the Standard Conditions section; growth of the Neff strain in standard 
conditions is plotted alongside for reference purposes. As shown in Figure 30, the 
stationary phase begins at roughly 5.00X106cells/mL. The total population reaches its 
highest point at 96 hours post inoculation with a concentration of 6.53x106cells/mL. The 
maximum concentration of trophozoites is 6.14x106cells/mL at 96 hours as well. The 
peak cyst yield is at the end of the observed time period with 4.44x105 cysts/mL, which 
comes to 8% of the total population.  
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Figure 30 FLA22 isolate in standard conditions (―●―); Neff strain in standard conditions is plotted 
alongside for comparison (- -▲- -). Total population of trophozoites and cysts (A), cyst population (B), and 
% cysts (C) are shown. Each point represents the average of identical triplicate cultures initially 
inoculated by subculture from an established logarithmic culture of cells with a population density of 
between 2.0×106cells/mL and 4.0×106cells/mL. Error bars represent standard deviation. 
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 Elevated temperature is administered to the FLA22 isolate as previously 
described in the Elevated Temperature section. The FLA22 isolate was acclimated to 
growth at 37 degrees Celsius for several generations prior to these experiments. It is 
important to note that these conditions were unable to be compared to the type strain, 
Neff, because it was unable to survive in the higher temperature conditions; this current 
study observed that the Neff strain cells did not survive by 24 hours at 37⁰C conditions. 
Unlike the reference strain, the FLA22 isolate is able to grow at this elevated 
temperature, as shown in Figure 31, with the stationary phase being reached at about 
7.00x106cells/mL. The highest concentration of total cells occurs at the end of the 
experiment with 7.23x106cells/mL, which exceeds the growth of the FLA22 isolate in 
standard conditions (6.53x106cells/mL at 96 hours). The maximum amount of 
trophozoites is present at 72 hours as well with 7.17x106cells/mL. The peak cyst yield is 
6.00x104cysts/mL at the end of the observed time period, which translates to a 
negligible 1% of the total population 
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Figure 31 FLA22 isolate in increased temperature, 37⁰C (―●―); Neff strain is unable to be plotted for 
comparison due to its inability to grow at 37⁰C. Total population of trophozoites and cysts (A), cyst 
population (B), and % cysts (C) are shown. Each point represents the average of identical triplicate 
cultures initially inoculated by subculture from an established logarithmic culture of cells with a population 
density of between 2.0×106cells/mL and 4.0×106cells/mL. Error bars represent standard deviation. 
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 Growth and Encystment Rates. The FLA22 isolate has the fastest recorded 
logarithmic growth rate of any isolate utilized in the current study, at 0.098 24 hours 
after culture inoculation. It is interesting to note that the FLA22 isolate has a much faster 
growth rate in standard conditions than that of the Neff strain (maximum μ 0.073), which 
has had many generations to acclimate to laboratory settings. The FLA22 isolate is also 
the only representative of the T5 genotype, which might account for its speed of 
replication. The encystment rate is also observed to be faster than that of the other 
study isolates, with a peak Ԑ of 0.063 at 24 hours after culture inoculation; this early 
spate of encystment may perhaps reflect a small population of immature pre-cysts in the 
initial inoculation of cells, because the encystment rate is reduced to 0.0004 by the end 
of the observed time period.  
Table 15 Summary of the population dynamics of the FLA22 isolate under standard conditions. Time: 
hours passed after inoculation of cultures; Duration: time interval (hours) used for calculations; Cells: 
concentration of trophozoite cells and cysts (ml-1); Cysts: concentration of cysts (ml-1); μ: instantaneous 
growth rate constant; Ԑ: mean exponential encystment rate. Time 0 represents inoculum size; total cells 
and cyst counts are means of three replicate samples. 
 
 
 The FLA22 isolate in elevated temperature conditions of 37°C has a very similar 
growth rate to that of the FLA22 isolate in standard conditions (30°C), with a peak rate 
of 0.096 at 24 hours after culture; the Neff strain was unable to be utilized as a 
comparison for growth in high temperatures due to its inability to grow at 37⁰C. The 
encystment rate of the FLA22 isolate in elevated temperature conditions is also very 
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similar to the rate of encystment in standard conditions, with a maximum rate of 0.00030 
at the end of the experiment.  
Table 16 Summary of the population dynamics of the FLA22 isolate under elevated temperature 
conditions, 37⁰C. Time: hours passed after the inoculation of cultures; Duration: time interval (hours) used 
for calculations; Cells: concentration of trophozoite cells and cysts (ml-1); Cysts: concentration of cysts 
(ml-1); μ: instantaneous growth rate constant; Ԑ: mean exponential encystment rate. Time 0 represents 
inoculum size; total cells and cysts counts are means of three replicate samples. 
 
 
 Analysis of Growth Rate. The logarithmic growth rate of the FLA22 isolate does 
not significantly change in response to the elevated temperature conditions (P=0.331, 
as shown in Figure 32). Tolerance to the elevated temperature conditions is evidenced 
by the lack of significant change to growth rate at 37°C, as compared to standard 
conditions of 30°C.  
 
Figure 32 Growth and encystment rate of the FLA22 isolate for one approximately 24 hour interval after 
elevated temperature conditions of 37°C are applied. Elevated temperature conditions are compared to 
the standard conditions by matching the population of the FLA22 isolate in standard conditions to the 
initial population of the FLA22 isolate in pH 3.0 conditions at the point the experimental conditions are 
applied as closely as possible. Each value represents the mean of identical, triplicate cultures. P is the 
calculated probably that the null hypothesis (no significant difference in means) is true, with P ≤ 0.05 
indicating that significant difference in rates are present. 
 
 Encystment Success. The FLA22 isolate is noted to have poor encystment 
success in both standard and elevated temperature conditions (refer to figure 33); 
however, it is likely that the encystment potential of this isolate cannot be adequately 
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determined within the time frame of these observations, and further studies of the 
behavior of the FLA22 isolate are indicated. In addition, future research into the FLA22 
isolate might investigate whether the encystment potential of the FLA22 isolate 
increases with other stress treatments, such as starvation or elevated osmolarity. 
 
Figure 33 Encystment success comparisons for the FLA22 isolate in elevated temperature conditions 
(37°C) and standard conditions, and for the Neff strain in standard conditions. Bars represent average 
values for identical, triplicate cultures. The highest percentages of cysts present in the total population for 
each isolate are reported. Error bars represent standard deviation. Some values may exceed 100%, as 
described in the Invalid Calculations section. 
 
CHAPTER 4 
DISCUSSION 
 The Acanthamoeba genus presents a unique opportunity for researchers to 
investigate cellular differentiation events within a single celled organism. Encystment is 
a complex process which selectively occurs in response to limiting resources or 
otherwise stressful conditions. In the absence of such cellular stress, the trophozoites 
grow and divide by binary fission. The ability of Acanthamoeba to first sense changes in 
environmental conditions and subsequently activate signaling pathways to induce 
encystment offers researchers the opportunity to study cellular differentiation events 
within a single-celled system. Previous research into the genus raises the possibility 
that different stress triggers may stimulate unique or even multiple signaling cascades 
(Fouque et al. 2012). In support of this proposal, studies of the Acanthamoeba genome 
by Clark et al. 2013 show that these amoebae possess highly complex cellular 
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communication abilities, and are in possession of a surprisingly diverse number of 
extracellular receptors.   
It has been previously reported that Acanthamoeba isolates have the ability to 
acclimatize to new conditions over prolonged periods of time (Cordingley and Trzyna 
2008; Koehsler et al. 2009). The ability of Acanthamoeba isolates to acclimatize to 
environmental conditions which would otherwise induce encystment likely relies upon 
genetic alterations. However, before further investigation into these various genetic 
processes can occur, further characterization of the physiological response to 
environmental cues over time is necessary. By studying phenotypic shifts over repeated 
generations, insight into the potential genetic changes which underlie them may be 
garnered. To that end, this current study has characterized the phenotypic profiles of 
unique isolates: growth rate, encystment rate, and encystment success have all been 
calculated under detailed standard conditions. Furthermore, by evaluating these isolates 
known to have unusual tolerances to a range of environmental conditions, and 
comparing their response to those of the reference strain, Neff, this research may 
propose some hypotheses as to the way Acanthamoeba interprets and incorporates 
environmental cues to better survive in diverse habitats. 
First Specific Aim 
 The primary specific aim was to analyze the variation in growth rate under 
specific environmental conditions so that the tolerance of the study isolates could be 
determined. There are numerous elements to account for while attempting to directly 
compare growth rate across strains of Acanthamoeba. Each isolate has a different rate 
of binary fission during the standard, baseline conditions outlined in the Standard 
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Conditions section. The rate of growth also naturally changes as cells in a limited 
system deplete the available resources and accumulate waste products; thus, even in 
ideal laboratory conditions growth naturally progresses from the logarithmic stage to the 
stationary and death phases (Roti and Stevens 1975). Furthermore, the cells exist as 
two forms, with only the trophozoite population contributing to the exponential growth. 
Therefore, the current study is the first to utilize methods proposed by Olli et al. 2004 in 
Acanthamoeba, which account for a dimorphic population of cells where some 
vegetative trophozoites are lost to encystment. 
 To facilitate the interpretation of the calculated instantaneous growth rates, rate 
analysis figures are presented in chapter 3, which allow comparison between the growth 
rate of cultures in standard conditions and those subjected to experimental conditions 
for the first 24 hours after the application of the experimental conditions; for populations 
in standard conditions, the total population at the beginning of the time interval is 
matched as closely as possible. It has been determined that cultures reach the 
stationary phase in conditions at the same level, regardless of the inoculation population 
(Cordingley and Trzyna 2008); therefore, by matching the initial populations the 
potential changes in the instantaneous growth rate due to transition from logarithmic 
growth to stationary phase may be taken into consideration. In addition, T-test analysis 
is performed on the growth rate comparisons for each strain (available in Appendix C), 
to determine if the variation in growth rate 24 hours after the experimental conditions 
are applied are statistically significant as compared to the standard conditions for each 
isolate. 
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 Interpretation of the gathered data does reveal several interesting characteristics. 
The type strain, Acanthamoeba castellanii, which has the highest population potential in 
standard conditions, shows a significant reduction in growth rate in response to all the 
stress conditions applied by this study. As hypothesized, the Neff strain is predictably 
less able to cope with harsh environmental conditions than the BP isolate or FLA22 
isolates. Likewise, the BP isolate clearly exhibits strain specific, favorable growth in 
acidic conditions, as evidenced by an almost two-fold faster growth rate in acidic 
conditions of pH 4.0 and pH 5.0. The FLA22 isolate was reported by previous studies to 
have high temperature tolerance (Booten et al. 2004), which is supported by the results 
of this current study which show an almost unchanged rate of growth from 30⁰C to 37⁰
C. The growth rates for the FLA9 isolate between standard and hyperosmolar 
conditions of 50mM NaCl do not show significant differences within 24 hours; however, 
it must also be taken into consideration that the experimental conditions of 50mM NaCl 
were applied concurrent with cultures entering the stationary phase. Statistical analysis 
of the results for the FLA9 isolate in hyperosmolar conditions of 125mM NaCl are not 
available for the current study due to difficulty in collecting accurate data (as discussed 
previously). However, the available data shows a reduction in growth rate for the FLA9 
isolate in response to the 125mM NaCl conditions.  
 When examined together, the results for the strains utilized by the current study 
do in general support the hypothesis that the ‘stress-tolerant’ isolates have somehow 
acclimated to their respective environments, particularly for the BP isolate and FLA22 
isolate. There are many ways to interpret these findings; as mentioned in the 
introduction, resilience to stressful conditions is widely considered a virulence factor in 
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Acanthamoeba (Booten et al. 2004; Marciano-Cabral and Cabral 2003; Watkins and 
Gray 2008). Simply put, the ability to grow in conditions like that of human tear fluid, 
such as elevated temperature high and salinity, may increase the possibility that a given 
isolate may be capable of producing disease (Booten et al. 2004; Schuster and 
Visvesvara 2004). However, it is unclear what grants some strains the ability to endure 
such conditions. 
 The Neff strain, FL9 isolate, and BP isolate are each of the T4 genotype, and as 
such are determined to be closely related (Stothard et al. 1998); yet there are clear, 
repeatable differences in their tolerance to stress. One hypothesis for the observed 
behavior is that the amoebae carry genes which may become activated after sufficient 
environmental stimulus over repeated generations. Other studies have noted this 
phenomenon as well; Booten et al. 2004 perceived that Acanthamoeba isolates would 
have improved growth rate after four or five generations exposure to increased salinity. 
It has also been determined that isoenzyme patterns change for the same isolate when 
grown under different laboratory conditions, which supports the hypothesis of changes 
in gene expression occur in response to environmental cues (Mariano-Cabral and 
Cabral 2003).  
 The ability to acclimatize to unique environmental conditions would certainly be 
useful for a free-living cell, and in part explain its ubiquity. Such phenotypic changes 
must rely upon genomic alterations, perhaps by chromatin remodeling; histone 
modifications and/or DNA methylation to effectively silence or increase the expression 
of key genes would allow the amoebae to retain key elements of their genetic repository 
to improve survival when necessary (Koehsler et al. 2009). Other studies indicate that 
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the process of encystment is controlled at the level of transcription (Chen et al. 2004); it 
seems possible from the gathered data that transcription of new factors may be involved 
in the phenotypic shifts evident in response to new environmental conditions over the 
course of several generations. Further research might test whether acid tolerance 
persists in the BP isolate after several generations of cultures grown under neutral 
conditions for a prolonged time frame. 
Second Specific Aim 
 The second specific aim was to analyze variation in encystment rate caused by 
the administration of specific environmental conditions so that the tolerance of the study 
isolates could be determined. Encystment rate is reported by this study as the mean 
exponential encystment rate, as calculated in Table 3. Like the methods described in the 
previous section, the interpretation of the calculated encystment rates is simplified by 
providing rate analysis figures, presented in Chapter 3, which allow for the direct 
comparison between the encystment rate of cultures in standard conditions and cultures 
in experimental conditions for 24 hours after the experimental conditions are applied; for 
populations in standard conditions, the total population at the beginning of the time 
interval is matched as closely as possible. In addition, T-test analysis is performed on 
the encystment rate comparisons for each isolate (available in Appendix D), to 
determine if the variation in encystment rate 24 hours after the experimental conditions 
are applied are statistically significant as compared to the standard conditions 
population for each isolate. 
 Interestingly, the only significant change in encystment rate within 24 hours for 
the experimental conditions applied here to the Neff strain is that of the 125mM 
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hyperosmolarity conditions applied at 72 hours; there is not an immediate change in 
encystment rate for the Neff strain in response to the experimental conditions of acidic 
pH 3.0 or starvation. Although starvation is a highly conserved encystment trigger and 
results in the greatest encystment success of the applied conditions to the Neff strain, 
the immediate change to encystment rate is negligible; this delayed response could 
support the idea that a loss of encystment capacity has occurred in the type strain.  
 The FLA9 isolate with 50mM NaCl treatment has an immediate response to 
stress conditions, with the increased salinity significantly doubling the encystment rate 
by roughly two-fold. As mentioned previously, results for the FLA9 isolate with 125mM 
NaCl treatment cannot be accurately determined with the available data. However, it is 
observed by the current study that the encystment rate does increase with the 
application of 125mM NaCl conditions. High salinity treatment of the FLA9 isolate 
garners the most impressive results of the study, increasing the encystment rate 99% 
over standard conditions in just 24 hours. Therefore, salt tolerance is not observed for 
the FLA9 isolate, despite its previously reported tolerance to osmotic stress in the 
literature (Booten et al. 2004). It is interesting that the studies conducted by Booten et 
al. 2004 examined the behavior of the FLA9 isolate on solid plate media with seeded 
gram-negative bacteria as a food source, which could be partly responsible for the 
difference in the phenotypic properties observed for this isolate. Acclimation of the FLA9 
isolate to elevated osmolarity in liquid media may need to be achieved in very small 
increments of increasing salinity over many generations for future researchers to 
observe the reported traits for this isolate. 
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 Statistical analysis of the variation in encystment rate within 24 hours of 
inoculation in the experimental conditions is not available, due to the cyst population of 
the inoculation not being directly quantified. However, the growth curves for the BP 
isolate in acidic conditions do not indicate substantial differences in the encystment rate 
between cultures of standard and acidic conditions within the first several days of the 
observed time period, which indicates that this isolate is, in fact, acid tolerant. Similarly, 
the FLA22 isolate also does not show substantial difference in encystment rate between 
standard conditions and conditions of elevated temperature. Do the BP and FLA22 
isolates represent the result of accumulated epigenetic modifications, or is it possible 
that they are subspecies with unique, strain specific genes? Future studies may 
endeavor to interpret the meaning behind these fascinating behaviors. 
Third Specific Aim 
 The third specific aim of the study is to analyze encystment success with regards 
to the experimental conditions. Although the rate of encystment may increase, a high 
rate of encystment does not necessarily guarantee encystment success. Encystment of 
Acanthamoeba is a highly complex process and requires the cell to appropriately 
respond to many different signals. Chagla and Griffiths 1974 determined that 
encystment does not typically reach 100% in standard cultures conditions unless a 
trigger to encyst is applied; Cordingley and Trzyna note similar results with 50-75% 
encystment as cells naturally reach stationary phase. Gradual triggers allow 
Acanthamoeba more time to prepare for the encystment process, and typically result in 
higher overall cyst yields. Therefore, encystment success must also be evaluated in 
determining the behavior of the study isolates. 
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 Within the parameters of the current study, the Neff strain experiences the 
highest encystment success in response to starvation, which is expected as starvation 
is a highly conserved trigger for encystment in many free-living amoebas. The Neff 
strain, although having a faster encystment rate immediately after hyperosmolarity 
conditions are applied, has a slightly lower cyst yield in hyperosmolar conditions when 
compared to the Neff strain in starvation conditions. Hyperosmolar conditions do 
increase the cyst yield in the Neff strain over that of standard conditions by 
approximately two-fold. Acidic conditions, however, result in very poor cyst yield for the 
Neff strain, since the acidic conditions did not allow the trophozoites the opportunity to 
undergo encystment. 
 Compared to the Neff strain, the FLA9 isolate has a much higher encystment 
success in standard conditions, which, again, supports the hypothesis that the Neff 
strain has reduced encystment capacity. The FLA9 isolate also has an increased cyst 
yield after the addition of hyperosmolar conditions as compared to standard conditions; 
the FLA9 isolate treated with hyperosmolarity of 125mM NaCl experiences the greatest 
encystment success of the study isolates. Future studies will likely endeavor to 
determine if tolerance to increased osmolarity can occur in the FLA9 isolate, as reported 
by other authors (Booten et al. 2004). 
 The BP isolate has the most encystment success in standard conditions; as 
previously discussed, neutral pH is considered to be unfavorable for the Berkeley Pit 
isolate, as shown by its faster growth rates in acidic conditions. However, the BP isolate 
also seems to have high cyst yield in most of the ‘stress conditions’, with only pH 3.0 
resulting in significantly fewer cysts. This could perhaps be the result of highly acidic 
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conditions being unforgiving to not fully matured cysts. The retention of encystment 
capacity might reflect enduring ‘wild’ traits, since this isolate has not experienced 
prolonged growth in laboratory conditions. 
 The FLA22 isolate has the lowest encystment success of the study isolates. 
However, it is likely that the encystment potential of this isolate cannot be adequately 
determined within the time frame of these observations, and further studies of the 
behavior of the FLA22 isolate are necessary to accurately determine the encystment 
potential of this isolate. It is interesting to note that although the FLA22 isolate has the 
least encystment success of the study isolates, it also has the highest rate of growth 
recorded by this study. This could, perhaps, represent a key difference between 
genotypes of Acanthamoeba. It would be of interest to subject this isolate to a highly 
conserved encystment trigger, such as starvation, to see if encystment success 
improved.  
 In general, most of the isolates in this study seem to realize greater encystment 
success during stressful conditions: the Neff strain during starvation, the FLA9 isolate in 
hyperosmolar conditions, and the BP isolate in neutral pH (shown to be less favorable 
for this isolate than acidic conditions). The FLA22 isolate had an almost identical 
encystment success for low and high temperature conditions; further studies are 
indicated to determine the encystment potential of this isolate. 
Broader Impacts 
 Previous studies have shown that Acanthamoeba encystment is reliant upon 
expression of cyst specific genes, such as those necessary to autolytic processes and 
cellulose synthesis (Leitsch et al. 2010). Chen et al. 2004 suggest that encystation is 
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controlled mainly by the process of transcription, by the activation of new factors which 
regulate the expression of the necessary genes; they also propose that those essential 
cyst specific transcription factors are actively repressed in trophozoite cells, which might 
occur by specific DNA binding proteins or by more complex chromatin remodeling.  
 Only by determining the phenotypic properties of the encystment process under 
a variety of conditions may the sequence of molecular events may be elucidated 
(Chagla and Griffiths 1974). The phenotypic flexibility of this genus suggests distinct 
underlying genomic alterations, which are essential to the understanding of these free-
living amoebae’s success in overcoming environmental challenges (Cordingley and 
Trzyna 2008). Information presented here will allow future researches a unique view of 
Acanthamoeba’s ability to acclimate to new environmental challenges. It is also the first 
study to account for dimorphic populations in the determination of growth and 
encystment rates. Data suggests epigenetic modifications may be present which allow 
tolerance to stress conditions after several generations, which has a direct impact on 
the growth rate, encystment rate, and encystment success of these amoebae. 
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APPENDIX A 
LETTER FROM INSTITUTIONAL REVIEW BOARD 
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APPENDIX B 
RESULTS OF TRIPLICATE GROWTH CULTURES 
Table 17 Results of triplicate growth cultures for the Neff strain in standard conditions. 
 
120 
 
Table 18 Results of triplicate growth cultures for the Neff strain with 125mM NaCl hyperosmolarity 
treatment at 72 hours, as indicated by (*). 
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Table 19 Results of triplicate growth cultures for the Neff strain in acidic conditions, pH 3.0. 
 
Note. Data collected in collaboration with Adam Short 
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Table 20 Results of triplicate growth cultures for the Neff strain with starvation treatment administered at 
73 hours, as indicated by (*).  
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Table 21 Results of triplicate growth cultures for the FLA9 isolate in standard conditions. 
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Table 22 Results of triplicate growth cultures for the FLA9 isolate with 50mM NaCl hyperosmolarity 
treatment at 96 hours, as indicated by (*). 
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Table 23 Results of triplicate growth cultures for the FLA9 isolate with 125Mm NaCl hyperosmolarity 
treatment at 72 hours, as indicated by (*). 
 
126 
 
Table 24 Results of triplicate growth cultures for the BP isolate in standard conditions. 
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Table 25 Results of triplicate growth cultures for the BP isolate in acidic conditions, pH 5.0. 
 
Note. Data collected in collaboration with Adam Short 
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Table 26 Results of triplicate growth cultures for the BP isolate in acidic conditions, pH 4.0. 
 
Note. Data collected in collaboration with Adam Short 
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Table 27 Results of triplicate growth cultures for the BP isolate in acidic conditions, pH 3.0. 
 
Note. Data collected in collaboration with Adam Short 
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Table 28 Results of triplicate growth cultures for the FLA22 isolate in standard conditions. 
 
Note. Data collected in collaboration with Deborah Moore and Jesse Thornton 
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Table 29 Results of triplicate growth cultures for the FLA22 isolate in elevated temperature, 37⁰C. 
 
Note. Data collected in collaboration with Deborah Moore and Jesse Thornton 
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APPENDIX C 
STATISTICAL ANALYSIS OF GROWTH RATES 
Table 30 T-test analysis to determine if significant difference is present between the growth rates of the 
Neff strain in standard conditions and the Neff strain with 125mM NaCl hyperosmolarity treatment 
administered at 72 hrs. 
 
 
Table 31 T-test analysis to determine if significant difference is present between the growth rates of the 
Neff strain in standard conditions and the Neff strain in acidic conditions, pH 3. 
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Table 32 T-test analysis to determine if significant difference is present between the growth rates of the 
Neff strain in standard conditions and the Neff strain with starvation treatment administered at 73 hours; 
first interval. 
 
 
Table 33 T-test analysis to determine if significant difference is present between the growth rates of the 
Neff strain in standard conditions and the Neff strain with starvation treatment administered at 73 hours; 
second interval. 
 
 
Table 34 T-test analysis to determine if significant difference is present between the growth rates of the 
FLA9 isolate in standard conditions and the FLA9 isolate with 50mM NaCl hyperosmolarity treatment 
administered at 96 hours. 
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Table 35 T-test analysis to determine if significant difference is present between the growth rates of the 
BP isolate in standard conditions and the BP isolate in acidic conditions, pH 5. 
 
 
Table 36 T-test analysis to determine if significant difference is present between the growth rates of the 
BP isolate in standard conditions and the BP isolate in acidic conditions, pH 4. 
 
 
Table 37 T-test analysis to determine if significant difference is present between the growth rates of the 
BP isolate in standard conditions and the BP isolate in acidic conditions, pH 3. 
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Table 38 T-test analysis to determine if significant difference is present between the growth rates of the 
FLA22 isolate in standard conditions and the FLA22 isolate growth in elevated temperature, 37⁰C.
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APPENDIX D 
STATISTICAL ANALYSIS OF ENCYSTMENT RATES 
Table 39 T-test analysis to determine if significant difference is present between the encystment rates of 
the Neff strain in standard conditions and the Neff strain with 125mM NaCl hyperosmolarity treatment at 
72 hours. 
 
 
Table 40 T-test analysis to determine if significant difference is present between the encystment rates of 
the Neff strain in standard conditions and the Neff strain with starvation treatment administered at 73 
hours; first interval. 
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Table 41 T-test analysis to determine if significant difference is present between the encystment rates of 
the Neff strain in standard conditions and the Neff strain with starvation treatment administered at 73 
hours; second interval.
 
 
Table 42 T-test analysis to determine if significant difference is present between the encystment rates of 
the FLA9 isolate in standard conditions and the FLA9 isolate with 50mM NaCl hyperosmolarity treatment 
administered at 96 hours. 
 
 
 
 
